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SUMMARY

PROBLEM

The advanced simulator for undergraduate pilot training is a re-

search device designed for investigating the role of simulation in

the future undergraduate pilot training (UPT) program. For ASUPT

to be effective in training research, it must faithfully simulate all

X aspects of flight, including extra-cockpit visual cues and motion

and force cues. Thus, the requirements for ASJPT are very demanding.

This report describes the visual display system development including

the pancake windows, display structures, and the world':s largest

cathode ray tubes.

The selection of the ASUPT visual display systems was based on

the following key requirements: (a) student pilot field of view;

+120 degrees horizontal, minimum, +120, -40 degrees vertical, minimum,

(b) sufficient digplay channel overlap to allow student pilot to view

from all points within a 6-inch radius, forward-facing hemisphere,

(c) 6 foot-lamberts minimum highlight brightness, and (d) brightness

variation, optical contrast ratio, optical resolution, geometric

motion system effects requirements.

APPROACH

The approach re these requirements was one of developing a display

system which was not only capable of meeting the optical and brightness

:j. 7 1



requirements, but also the motion system effects requirements. Whereas

the ASUPT computer image generation system, described in Volume V,

generated the actual visual simulation imagery, the visual display

system was the medium for presentation of that imagery. The approach

to developing the visual display system was based on the cockpit size

of the T-37B and centered on the geometry of the regular dodecahedron,

a solid having 12 equal regular pentagonal faces. The field of

view requirements could be met by mosaicking 7 of the 12 sides of a

dodecahedron with infinity optics, or pancake windows. The approach

to providing 6 foot-lamberts highlight brightness was to develop a

cathode ray tube of the magnitude to mate with a pancake window

and the brightness to overcome the 100 to I reduction of transmission

through the 1% efficient optics. The approach to satisfying the

optical requirements was to use the best available materials in

glass, cements, polaroids, beamsplitter mirrors, and optical coatings.

The expertise in this country and England, as well, was tapped to

gather together the best .naterials and techniques available.

RESULTS

The visual display systems were officially accepted in November

1974 after the delivry and installation of the last CRT. In general,

the visual displays met all of the requiremeats. There were no

major problems identified with the final visual systems including the

performance of the CRT electronics. Transmission efficiencies of

2

i .. _ - '- -" ,. , .. . ,,.>- ' ,.? .;.:-' .i .,,' >" ,: : :,,,.'- - .. .. .:. ''- Y.
Y - A- 'S .) '-+ ,"



the pancake windows proved to be 50% better than anticipated in some

instances when the CRT/pancake window were tested in combination.

The spectral response of the PT462 CRT phosphor excellently matched

the spectral characteristics of the pancake window. This unantici-

pated bonus allowed the drive requirements of the CRT electronics

to be relaxed which, in turn, significantly improved overall

system resolution and tube life. Had a CRT been developed early

enough in the program to test with a pancake window, significant

savings in CRT electronics and tube design could have been achieved.

Because of its hand-crafted nature, the CRT development started from

theory and progressed on a vertical learning curve throughouL a major

portion of the program. The only adverse results of the visual

display development are, perhaps, the six windows which have

processing problems, and the two CRTs which have burn spots, scratches,

or sleeks. The problems show up as regions of small bubbles in the

birefringent packages or rings of depression in the case of the

windows, and as holes or splotches where there are burn spots or sleeks

in the case of the CRTs. One CRT has a long (18") scratch in the

phosphor. In lieu of replacing these anomalies at a cost of perhaps

$200,000 it was decided to locate these problem channels in "non-

critical" locations since they all met their performance requirements.

The six pancake windows were split up between the two visual displays

and placed at the far left, top, and far right channel locations.

3
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These problem windows were even rotated in their channels to provide

the best portions of the optics to the pilot's immediate field of

view. The best, aesthetically and performance-wise, windows were

placed in the forward-looking channels (Figure 11).

CONCLUSIONS

The ASUPT visual display systems were developed, tested, and

accepted during the time period of March 1971 to November 1974. In

general, the visual displays met all of the system requirements.

Released for research in January 1975, the ASUPT has already answered

some of the questions researchers are asking about flying training.

As of December 1975, many of the CRTs have over 2,000 hours of use and there

have been no major problems with the displays during 1975.

4
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PREFACE

This report is the 6th of seven volumes describing the Advanced
Simulation in Undergraduate Pilot Training (ASUPT) system development
program. The seven volumes of AFHRL-TR-75-59 are as follows:

Volume I: Advanced Simulation in Undergraduate Pilot Training:
~An Overview

Volume II: Advanced Simulation in Undergraduate Pilot Training:
Notion System Development

Volume III: Advanced Simulation in Undergraduate Pilot Training:
G-Seat Development

Volume IV: Advanced Simulation in Undergraduate Pilot Training:
Automatic Instructional System

Volume V: Advanced Simulation in Undergraduate Pilot Training:
Computer Image Generation

Volume VI: Advanced Simulation in Undergraduate Pilot Training:
Visual Display Development

Voluame VII: Advanced Simulation in Undergraduate Pilot Training:
Systems Integration

This project derived from a DOD Directive to thc three Services
requesting programs of advanced development in the area of training and

education. The purpose was to insure that military training and education
make the fullest use of recent innovations and technological advances.
In October 1967, a joint Air Training Command/Air Force Human Resources
Laboratory effort culminated in a recommendation to establish an advanced
simulation system at an undergraduate pilot training base. Hardware
Aevelopment of the ASUPT began in 1971 and the system was released for
research in Jan 75.

All members of the ASUPT Program Office and participating organizations
who worked on the program contributed to the final system. In addition
to the listed contract monitors, they include Don Gum, ASUPT Program
Manager, James Basinger, CIG Project Engineer, Israel Guterman, Basic
Simulators Project Engineer, William Albery, Systems Integration Project
Engineer, Patricia Knoop, Advanced Training Systems Project Engineer,
Kenneth Block, Program Controller, and Virginia Lewis, Secretary, all of
the Advanced Systems Division, Air Force Human Resources Laboratory,
Wright-Patterson AFB OH; Warren Riche in, Capt Frank Bell III, Maj Ray
Fuller, Capt John Fuller, Capt Dennis Way, Capt Steve Rust, Capt Mike
Cyrus, and Mr. Glenn York, all from the Flying Training Division, Air
Force Human Resources Laboratory, Williams AFB AZ.
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ADVANCED SIMULATION IN UNDERGRADUATE PILOT TRAINING:

VISUAL DISPLAY DEVELOPMENT

INTRODUCTION

of Singer Simulation Products Division (SPD) was assigned the task

of prooucing a T-37 training simulator for use in the Advanced

Simulation for Undergraduate Pilot Training (ASUPT) program by the

U.S.A.F. Human Resources Laboratory. This system will be used to

investigate the role of simulation in undergraduate pilot training,

therefore, simulation of the external visual scene is of particular

importance. In order to conduct effective research on training

methods and to provide for future needs of an imaginative experimental

program, a highly realistic visual system is required.

Farrand Optical Co. (FOCI) was given the responsibility for

designing, building, assembling, testing and installing the infinity

display windows, the outer support structure and cathode ray tubes for

two displays. This included the interfacing with the motion platform,

the T-37 cockpit, and the CRT electronics. The Computer Image

Generation equipment was not a part of this task; it is discussed in

detail in Volume V.of this series of technical reports.

In order to evaluate the interface and structural design probldms,

provisions were made in the contract for the construction of a temporary

wooden mock-up and a structural test article. The mock-up was a

model of the complete assembly representing the inner surfaces of the

window modules and the external envelope of the supoort structure.

This was fitted over a mock-up of the aircraft cockpit provided by

SPD in order to establish the optimum orientation of the visual display
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so as to n~iniin1ize the interference between the two units.

The str-ictural test article was a full scale prototype support

structure f,.: t A with actual window frames in which the optical

elements weri r.-placed with alu~m.um pl.itcs of "Piuiva'.ent weight and

center of '-',vity. The CRT~ art-d elertronic.- wsrs rs-pJ.aced by similar

dummy weigir'.9. The entire test, 'rticl(; was niotntv " the Singer motion

plat f rm, ezuipped with strain gages, and subje;-t.d to 1 y-("2.c 'e:,? ing

as describe6 later.

GENERAL iDESr:-IPTION

A visirJl system (q- -rc-q-jirod to o-tovide 7- Ono iin 0.7 .o:

oul-side worln: for 22 plia.es c,( iridergradunte 'i.-t trakning .

evaluaLion. This system wuid 1.a !.vi4talleJl a. .nc a ). ope--att. wih

aT-37 aircraft cockpit ard S.agex ')im.11-ion -rod.IL; 3 Divtsion six-f degrees-of-freedom motion platform. Since the T-37 a~x'..aft has

side-by-side seating, the system would have to be iLrge enough to

accomodate the student pilot's aud1 instructo-.-'s bodies. tiowever, the

specified optical performance of the system need only be achieved

from the pilot's position. The visual system must also be capable of

- integration with the Genc.-ii Electric Co. provied Ccrnputer Image

Generation system. Thus it would have to support and maintain in

proper focus and alignment the Farrand supplied special 36 inch

diameter cathode ray tube and that portion of the G.E. supplied

e?ectroiticq whe m~ust b(- mounted c. close to it. After

9

W'I _______ 
.



considerable study the dodecahedron was selected as the most suitable

arrangement. The pentagonal facets are all the same allowtng all

the windows to be identical. This permits a mosaic of adjaceant

windows to be created with the smallest gaps. Furthermore, it

minimized the number of channels required for a given field of view.

In this case seven windows gives a field of view of +1500 horizontally

and +750 -20* vertically in the plane of the forward line of sight.

The seven window assembly forms an inner dodecahedron which is

carried by an outer support structure. This support structure is an

open tubular frame work in the form of a larger dodecahedron which

surrounds the T-37 cockpit and is fastened directly to the motion

base platform. See Fig. 1. At each apex of the structure, means is

provided to center the inner assembly and to adjust the position of

each window with respect to adjacent windows as well as longitudinally

along their respective lines of sight. The outer suppcrt structure,

Fig. 1,also incorporates provisions for mounting and adjusting the

position of the CRT mounting plate. Swivel ended screws with lock
nuts are fitted into angle brackets at the center of each tubular

member to permit transverse positioning of the CRT with respect to
the window optical axis. The cathode ray tube (CRT) Fig. 2 which

provides the input to the infinity window, is a specially designed

36 inch diameter tube (the largest made to date) with.a spherical

'0
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faceplate made to match the focal surface of the window. It has a

unique phosphor formulated for highly efficient energy conversion

thus giving high brightness in the spectral region where the infinity

window has its best transmission. The CRT is discussed in detail

later in this report.

The bulb is mounted in a conical housing which incorporates a mu-

metal shield. The housing has an integral flange through which the

combination mounting and adjusting studs pass. These studs, which

have spherical washers at their upper ends, are locked to the CRT

mounting plate, which in turn is fastened directly to the outer support

structure. The studs are used to locate the CRT phosphor surface at

the focal surface of the window.

DESIGN CONSIDERATIONS

OPTICAL DESIGN

The size of the visual display was dictated by the width of T-37

cockpit with its side-by-side seating arrangement. The structure had

to be lrge enough to enclose the cockpit with the student pilot's

head located at the nominal eyepoint. This was the lower limit. The

appcr limit was set by the size of the largest CRT which could be

obtained to fill the window with sufficient image to provide some over-

lap so that i;o information would be lost when the pilot's head moved

to the limits of the specified head motion. (Six inch radius forward

facing hemisphere.) Consideration of these factors resulted ii

"14,
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j" selection of 48 inches as the optimum radius for the spherical beam

splitter. This was based on using a 36 inch outside diameter CRT

having a useful phosphor screen diameter of 34 inches.

Since the only active image forming element of the pancake window

is the mirror surface, the performance characteristics can be determined

by considering the optical properties of a 48 inch radius of curvature

spherical mirror is used in this application.* Ii the mirror radius

of curvature is 48 inches, the focal length is by definition half of

that, or 24 inches. The radius of curvature of the display CRT

faceplate is also 24 inches, and the eye position (nominal pilot

eyepoint) is located at the center of curvature of the eyepiece

mirror, 48 inches from the mirror. These dimensions take full

advantage of the mirror's geometric properties as shown by the

following discussion of the aberrations of a spherical mirror.

Spherical aberration is the failure of a bundle of rays parallel

to the optical axis to come to a focus at a single point. Spherical

aberration, the only aberration that exists by definition in the

design, manifests itself by the pilot seeing a change in direction

of the object as he moves his head. (See the discussion below on

decollimation for a full treatment of these effects.) It is important

to note that objects in this case cannot appear out of focus due to

spherical aberration because the pilot's pupil diameter is only a small

percentage of his head motion (the full pupil available). This is

shown by a consideration of the f-number of the display, f-number

defined as the ratio: Focal Length. Since the pilot's head motion

Aperture

• See the appendix for an explanation of the theory of operation of the

pancake window.

12
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is equivalent to the system aperture, the f-number 24 inches
j..12 inches

2.00 for +6 inches head motion. However, since the sharpness

is determined only by the f-number associated with the pilot's eye,

the f-number = 24 inches = 80.0 for an eye pupil diameter of .3
.3 inches

inches (7.6mm).

Coma and astigmatism are aberrations which prevent a bundle of

rays parallel to a chief ray from coming '- a -3 o a single point.

A chief ray is any ray (other than the axis) that passes

through the pupil center (pilot eyepoint). Most optical systems

degrade toward the edge of the field because of these aberrations.

If a spherical mirror is used with the aperture stop (eyepoint) at

the center of curvature, any chief ray can be considered the optical

axis of the mirror because of geometric symmetry. Thus coma and

astigmatism do not exist in this design. Indeed, because of the geo-

f metric synm.etry, the optical properties by definition are identical

for any field direction. This is most important when the overlapping

fields of view of adjacent pancake windows are considered because

aberrations at the field edges could cause 1-iage smearing, doubling,

color changes and positional shift. If convergent decollimation results,

a pilot might even become nauseated.

Color errors by definition do not exist because a mirror reflects

all wavelengths in the same direction. This is particularly important

13
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because the lateral color that can exist in refractive systams is

the only aberration that can cause an image to smear or lose sharpness

when viewed by the pilot. The high f-numbers associated with the

pilot pupil size do not help here because lateral color would cause

a given field point in the image to appear at different angles at

the eyepoint depending upon wavelength.

Pield curvature describes the departure of the image surface

shape from a plane. The difference is evident as a defocussing in

most optical systems but represents collimation errors in this

application. Whereas the collimation change due to spherical aberration

varies across the aperture (pupil), the collimation change due to

field curvature varies across the field of viw. The field curvature

of a spherical mirror is the reciprocal of the image surface radius

and is numerically equal to the focal length, in this case 24 inches.

Because the CRT image surface has the samt radius as the mirror focal

surface, field curvature is eliminated by definition so that decollima-

tion effects are a function only of pupil position and not of field

position.

Distortion is a lack of correspondence of image shape and object

shape, as for example, when a square object is imaged as a barrel or

pin-cushion. A unique characteristic of a spherical mirror is that

the center of curvature of the mirror is also the center of curvature

of the focal eurface. If the focal surface is viewed from its

14
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center of curvature, it is clear that the arc length on the surface

equals the focal length times the angle in radians; that is, the

chordal height at the focal surface equals the focal length times

the sine of the angle (h = F sin 0). Since 0 is also the angle at

the pilot's eyepoint, the above equation describes the relationship

{ between the image point and field angle when no distortion exists.

Since h = F sin 0 is the correct mapping function of the system, to

the degree that the electro-optical chain meets this requirement,

the entire system will also be distortion free.

As shown above, the pancake window is essentially free of all

aberrations except spherical aberration, which manifests itself as

an object exhibiting decollimation or apparent direction change as the

pilot moves his head laterally. These motion effects can be evaluated

by the following criteria:

1. What is the absolute error in direction as a function of

head motion?

2. What happens to the apparent object distance seen with both

eyes? D6es the object appear closer or further than infinity?

Focus is the one system variable that is available for trade-off and

optimization of these factors. When the CRT is moved along the

optical axis (focused) it has the effect of adding a general

divergence or convergence to all of the rays. Divergence is defined

as light diverging as it approaches the observer, and convergent

light converges at the observer. Divergence corresponds to an

15'
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observer using two eyes to view an object closer than infinity and

convergence corresponds to viewing an object further than infinity.

Any convergence will cause the eyes to diverge in an attempt to

"1 fuse the images, resulting in eyestrain or even nausea. If the

co lvergence is large, the image will dot:ble. It is obvious then,

that convergence should be minimized and avoided if at all possible,

especially for central head locations.

Figure 3 illustrates the changes in collimation with focusing.

Curve 1 of Figure 3 (marked paraxial) shows the normal undercorrected

spherical aberration curve for the nominal (paraxial) focus location.

Criterion Number 1, absolute error, can be read off directly as

angular error in milliradians versus head motion. Criterion Number 2,

convergence or divergence, must be evaluated by comparing the angular

error between any two pupil points corresponding to the interocular

separation (2-1/2 inches). For example, at the 6 inch pupil point

for the paraxial curve, the ray converges toward the eye by 2

milliradians while at the 3-1/2 inch pupil point the value is 4.8

milliradians convergent. Subtracting the 3-1/2 inch value from the

6 inch value, the net effect is 1.6 mils convergence, or 5.5 arc

minutes. Other curves on the graph illustrate the improvement in

both criteria as the CRT is focused toward the pancake window,

allowing a trade-off to be made between absolute error, convergence

and divergence, and head motion. Curve Number 4 depicts the case

* _ 1
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for zero convergence.

The actual pancake window contains finite thicknesses. The

spherical mirror/beamsplitter is approximately one inch thick.

Therefore an optical degree of freedom is the second surface of the

mirror. This surface is manipulated, within limits, to effect

correction of the off-axis meridional rays, which are important in

j the area of points. In addition, during fabrication of these mirrors,

f
the second surface is left adjustable until the finished ground radius

of the mirror is ascertained. Then the second radius is optimized through

ray tracing analysis. The nominal ASUPT collimation and mapping

are displayed in Figures 4 and 5.

Since the pancake window in effect places the pilot eyepoint

at the center of curvature of the CRT faceplate, correct mapping is

assured when hl = R sin O where h is the chordal height on the CRT

phosphor surface, R is the radius of the CRT phosphor surface and

is the real world field angle at the pilot eyepoint. In addition,

each CRT has provision for magnification adjustment to compensate

for small changes in focal length due to fabrication tolerance in

the spherical mirror/beamsplitter.

MECHANICAL DESIGN

The basic requirement for the pancake window frame is to support

the optical elements firm]y and accurately in their predetermined

positions, while avoiding the imposition of strains due to the linear and

'I?
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angular accelerations of the motion system. This is a prime con-

sideration since the first and last elements contain polarizing materials

which exhibit undesirable colors when strained. This requirement

was met by designing a pentagonal steel structure having a modified

box section arranged for minimum deflection under load. The

birefringent assembly and the spherical mirror are hard mounted to

the frame and located by individually fitted retainers. The loads

are carried on the large flat edges of the glass elements with care

taken to provide clearance at the poLnts.

The lineail polarizer is a circular element carried in a separate

I-houinga accleratonsee of the min ystem. frsame Thime arrngeen

pieritso ajstnt thesan atemnscoan polarizing aitocheepimmermae.l

Proihesins udesirabncoorte toajstand. mainsainuifrmenamin

pressure to avoid the introduction of color fringing. The outer

support structure was designed to carry the inner assembly of pancake

windows with a minimum transfer of loads to the window frames. It

consists of an open tubular dodecahedral trae bolted directly to the

top of the motion platform. At each apex, the three tubes are joined

in a three part aluminum forged joint into which they are clamped and

doweled. This results in an extremely rigid structure. Through each

joint assembly, there is provided a heavy toreded stud which passes

through thick retaining plates and is held in place by Inner and

outer nuts. The inner end of the stud carries a large ball joint,

18

in tre pat luinm frgd oin itowhch he ae camedan

doee.Ti- eut na xrml rii sr-tr . hrough each -



T!

the cap of which is arranged to carry the corner brackets of three

adjacent windows. The center lines of all the studs intersect at the

geometric center of the structure. Therefore the adjustment of the

studs makes it possible to accurately center the assembly of windows

within the outer support structure. The balls permit the windows to be

aligned with respect to each other. The adjusting screws permit

movement of the individual windows along their respective optical axes

to vary the space between windows as well as to tilt them so that the

optical axes pass through the geometric center of the support structure.

The attitude and mounting of the support structure was determined by the

size and shape of the cockpit structure, the wind screen and canopy,

clearance requirements for ingress and egress, and the location of

jmotion pi cform structural members. Joint studies by SPD and FOCI

resulted -io a position achieved by yawing left 200, pitching upward

350 and rolling left 150 in that order about the eyepoint. In

addition, it was necessary to cut off the lower portion of the No. 5

(R.H.-front) window and modifying the support structure accordingly.

This attitude also brought the lower corner of the Ni. 4 (L.H. front)

f window close to the motion platform, requiring further structure

modification. Since the clearances between tht! visual display and

the cockpit were so close, a wooden full scale mock-up (Fig. 6) of

the structure and the windows was constructed. This was installed
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g; over a mock-up of the cockpit. A joint HRL, SPD and FOCI design

review was conducted and the final attitude and clearance were

established. This formed the oasis for the final configuration of

the visual system. See Fig. 9, for example.

The primnry purpose of the mechanical structure is to support

the optical elements in proper alignment during dynamic operation of

the motion base and still subject them to as little strain as

possible. Therefore, it was necessary to design for minimum

deflection rather than to a selected value of stress or safety

factor. This suggested the utilization of steel members rather than

aluminum to take advantage of the higher modulus of elasticity.

Since it was also necessary to limit the weight of the display in

order not to exceed the capacity of the motion system, an efficient

design was required. Since the analysis of the loads and deflections

of the total support structure-window-module Lssembly represented

a large and complex problem, it was evident that it could only be

done in a reasonable time by utilization of a high speed computer.

Accordingly an Investigation disclosed that the "Structural Engineering

System Solver" program (STRESS) for the IBM 1130 computer was suitable.

The use of this program made it possible to determine the axial and

shear loads and moments in each member ai well as the displacement

of every joint, for any loading condition or combination of loading

I-
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conditions. The applied loads and the physical properties of each

member were calculated manually and were inserted by means of

punched cards, thus it was relatively easy (but time consuming)

to change member sizes, wall thicknesses and/or materials in order

to optimize the design. The basic applied loads were calculated

with the display static on a horizontal motion base. These were

established by distributing the weight of the structural members,

the window modules, and the CRT assemblies to the joints which sup-

ported them. Additional sets of applied loads were calculated for

the inertial forces generated by the maximum accelerations encountered

during the liaear and rotational motions of the motion system.

These loads were then combined to represent the worst conditions

which could be encountered during actual motion base operations.

The resulting computer print-outs were examined to find the worst

loads imposed on individual members and the maximum joint displacements.

The corresponding stresses and deflections were calculated and member

sizes or physical properties were adjusted in order to achieve the

most desirable overa.l structure.

The above described method resulted in a support structure

consisting of 5 inch O.D. steel tubing with a wall thickness of 1/4

incb, supported by legs of 7 inch diameter aluminum tubing with a

wall thickness of 1/2 inch. The apex joints are three aluminum
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forgings bolted and machined together. The radial struts which carry

the window modules are high strength steel 1 1/4 inches in diameter.

The complete outer support structure weighs 3100 pounds and supports

a total load of 7900 pounds.

CATHODE RAY TUBE DESIGN

The responsibility for the design, development production and

testing of the 36 inch diameter cathode ray tube was given to Thomas

Electronics, Inc. (TEl) of Wayne, N.J.

The development of 36" diameter CRTs for the ASUPT program

required the solutions to many unique problems. The envelopernent

requirement above for the 34" useful screen faceplate put it outside

the technology of any established production technique. No one has

ever attempted to fabricate a CRT of such magnitude and power require-

ments. In addition to the envelope problems created by the size

which, in turn, posed unique problems of safety in tube processing,

the faceplate also interfaced with an optical system and presented

critical tolerance problems with respect to glass quality --,d radius.

over such a large screen raised unprecedented electron design questions.

Finally, the application of internal coatings and the vacuum processing

of the tube raised questions concerning the applicability of established

techniques.
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Due to these primarily and many associated design questions, a

study program was performed to investigate design and performance

feasibility. Following the completion of this study phase which

successfully predicted the practicality of building tubes which met

the required performance criteria, procurement of materials and

equipment was initiated and the firsL production prototype was

completed. Completion of the prototype lead to the final confirmation

of production specifications and a total of 14 production tubes were

built and shipped over a 1 1/2 year period including the reworking

of the original prototype.

The copy of the Final Technical Report covering the initial

design study under Contract #036-H59002-61329 is in Appendix A.

it, brief, the study was successful in establishing the feasibility

of achieving the required brightness level of 1000 ft. lamberts

at the ASUPT writing rate of 1.6 million inches/sec at a 6 milli-

ampere beam current and 38,000 volts acceleration level. In view

of the.risks involved in extrapolation of conventional analytical

design data, it was considered necessary to construct a special CRT

in the study phase which essentially duplicated the mechanical and

deflection parameters of the ASUPT tube. By specific operation of

this experimental tube with respect to the essential requirements of

the electron optics as well as with respect to magnetic coil designs,

data was obtained which provided a very firm basis for predicting
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ultimate performance. The study also considered various alternatives

in envelope design including a metal funnel approach as well as that

of a fully sagged, or concave, envelope comprising a hemispherical

funnel and faceplate combination. The choice of an optimum phosphor

screen was considered and finally a brief life test study was conducted

to confirm that the operational requirements of ASUPT CRTs would not

'esult in excessively short tube life.

However, it was necessary to continue certaikl developmental

activities following the successful completion of te design study

and these engineering activities continued through the materials and

equipment procurement phase. The additional engineering developments

which followed the design study included:

1. Completion of the envelope investigations leading to the

decision to employ an all-glass approach which consisted of a two-part

glass funnel produced by Corning Glass Wo ks, Corning, N.Y. (see Fig.

7); a sagged non-browning glass faceplate produced by United Lens;

and a custom 1.9" diameter neck and yoke reference area. This latter

design requirement was the result of deflection and focus coil studies

performed by Syntronic instruments, the subcontractor for magnetic

components. It was further decided that the funnel of the CRT should

be bonded to a metal housing which incorporated mumetal shielding

and forward and reaL flanges for optical and magnetic coil alignment.

2. Electron Gun:

2
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In order to provide maximum possible tube life, it was decided

to incorporate a dispenser cathode in the CRT if this were feasible.

I A program of investigation of available cathodes was conducted and

the successful adoytion of a Metalon:=x type c.athode was achieved.

The use of a dispenser cathode, which incorporates a very large

reservoir of available barium for continuation of the emission

process, resulted in' a small increcose in filament power but virtually

no other adverse ttqde-offs were involved. Associated with the life

of the tube from the cathode standpoint, it was also realized that

outgassing of internal phospher surfaces caused by the high energy

beam would most probably s', ',.n tube life if special precautions were

not taken. Accordingly, life tests were conducted in order to

investigate the optimum getter yields. Consideration was also given

to the high voltage gradient isolation in the gun which was

accomplished through the use of a large diameter metal flange placed

above the low voltage triode region. It was further considerea

necessary in the gun design to provide moans for independently varying

the divergence angle of the beam through the fEcus and deflection

fields in order to provide for opLimum center-to-edge spot stze

uniformity. Without this prefocus control, the operation of the tube

and the inherent variations that would be present from tube to tube

would present many difficult alignment problems. Finally, a deaign

effort was also conducted with a goal of reducing the grid swing
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required for the video amplifier. A series of high transconductance

guns were designed and tested but although it was found that peak

video voltage could be reduced by a factor of at least 10 with such

guns, the penalty of spot size increase was too severe for acceptance.

A further refinement in the performance of the gun involved

the solution of a difficult video problem associated with the motion

of the CRT beam crossover with drive. in view of the very wide

dynamic range of the ASUPT CRT, the beam cannot remain in focus over

the entire video swing and the implication was that video modulation

of focus would be required. This is a difficult and e:pensi'e ti.- g

to do. By analysis however, it was shown that an introduction of a

field shaping element just above che beam crossover location will

provide essentially automatic compeasation. Such an element was con-

scructed and was found to be effective. This improvement was then

incorporated in all ASUPT electron guns.

3. Phosphor Screen:

The original design study suggested the use of narrow band,

rare earth phosphors which might assist in solving certain ghost*

emission problems inherent in the associated optical system. However,

the conversion efficiency of such phosphors is significantly lower

than highly optimized phosphors in the sulphide family similar to

P31 and P22G. Accordingly, an investigation was made to obtain a

* See discussion of optical ghosts in appendix.
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highly efficient green television phosphor whose output peaked at

th2 maximum transmission for the optical system. A most suitable

)sphor was located in England, and evaluated, designated PT462;

throughout the program, phosphor efficiencies in the 50-60 lumen

per watt range have been attained with this material despite the

extremely high beam currents employed in the ASUPT tube.

TEST ARTICLE

Since the outer support structure and related window module assembly

make up a complex, indeterminate structure, the accuracy of the

load and stress analysis could not be evaluated. Furthermore, the

maximum accelerations which might be encountered during emergency stop

conditions were unknown. The physical strength characteristics of

the laminated birefringent optical assembly also were unknown.

Since the student and instructor pilots are both surrounded by

these large glass elements, it was deemed advisable in the interest

of safety to test a full size prototype display assembly fitted with

simulated optical elements and simulated loads representing the

CRT's and electronic models under real and extreme operating conditions.

Accordingly, the first support structure was designated the test

article. A full complement of window frames was also fabricated.

These were fitted with aluminum plates having the same weight as the

optical elements they represent and installed so as to have their
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centers of gravity in the proper locations. The CRTs and CRT electronic

modules were also replaced by dummy loads. The test article was

assembled on the motion system at Singer-SPD Binghamton, N.Y. and

prepared for dynamic testing.

Brewer Engineering Labs, Inc. of Marion, Mass. was engaged to

conduct a dynamic strain gage analysis of the visual display under

the supervision of FOCI personnel. Brewer Engineering Labs supplied

the labor, material and instrumentation to measure and record the

strains occurring during the six raodes of linear and angular motion

and six modes of buffet or vibration. An examination of computer

stress analysis was made to determine the points of highest loading.

A total of 103 strain gages were installed on nine tubes, four radial

studs, six legs, eight triple joints and seven window franes.

Accelerometers were also installed on the motion base to measure

acceleration about all axes. These were all recorded during every

test run in the event that unwanted components about oth,; axes were

encountered. See Fig. 8. After installation of all the .ztrain gages,

j wiring and recording equipment, the dynamic tests were run on

February 24 and 25, 1972. See Fig. 9. The motion system was operated

by Singer personnel manually (rather than by computer control).

The acceleration tests about each axis was performed in three or four

increments up to the maximum specified value. Each test was run
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twice in each direction to insure against loss of data. The details

of strain gage installation, recording Instrumentation and test~2

results are given in Brewer Engineering Labs Report No. 478 dated

May 5, 1972. After examination of test results it was decided

that additional testing be performed to evaluate the effects of

simultaneous acceleration about two axes, and accelerations starting

from attitudes other than horizontal. In addition, it was desired

to investigate the effect on the birefringent assembly being hit by

a large piece of spherical beamsplitter in the event that it

fractured. Accordingly a weight of 100 pounds was attached to the

plate simulating the birefringent sandwich and strain gages were

attached to the plate. The acceleration tests were run and the data

recorded on March 21, 1972. The test method details and test

results are contained in the Supplement dated June 14, to Brewer

Engineering Labs Report 478.

In summary, the results of the dynamic testing confirmed that

the computed factors of safety were conservative. The lowest factor of

safety under one axis acceleration test was 13.9 during yaw. The

lowest factor of safety under combined acceleration about two axes

was 8.9 during combined roll and pitch. The highest strain recorded

on the simulated birefringent assembly occurred during vertical heave

of 2.27 g. When extrapolated to the maximum of 4.3 g this resulted

in a factor of safety of 3.9 based on a modulus of rupture of 6500
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p.s.i. for polished plate glass. Since the actual birefringent is a

seven layer laminated sandwich, the true factor of safety will be

significantly high.

The above conclusions were subsequently confirmed when the

first windows containing the real optics were installed. The motion

system was operated -manually with accelerations increased to a

maximum by simulating an emergency power failure. A careful

examination revealcd no damage or any signs of strain. The two

deliverable systems were subsequently assembled and put into full

operation with no incident.

MANUFACTURE AND ASSEMBLY

OPTICAL CO4ONENTS

The manufacture of the optical components required the solution

of a unique set of problems due to the large size of parts, the precision

required and the light polarizing processes involved. For instance

any residual strain in any sheet of glass would produce undesirable

colors in the finished product.

The spherical beamsplittes part No. 138279 required blanks of

60 inches in diameter and 1 25 inches thick. Since these are used in

transmission as well as reflection the blanks had to be free of

visible defects. Suitable material was not available in the U.S.

and was finally procured in England.

The first operation to produce the desired shape was to sag
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the blanks to the proper radius of curvature. This task was given

to United Lens Co. in Sturbridge, Mass. who has ovens of the required size.

However, special molds had to be designed and built, and heating and

annealing cycles had to be developed. A number of blanks were lost

during the testing of the molds and the annealing cycle. Since these

problems had been anticipated a sufficient number of blanks had been

procured. The length of the annealing cycle to remove all strains

as finally adopted turned out to be one of the pacing processes of

the program.

Since the sagging operation results in the blank changing thick-

ness, the original blanks as procured had to be much thicker than

the finished dimension. The removal of this excess material before

grinding and polishing necessitated the design and construction of

special curve generators. Two such units were required in order to

meet the program schedule requirements. One was used for the concave

side and the other for the convex side. This work was assigned to

the D&lta Development Corp. of Nyack, N.Y. who are specialists in

these operations. The same firm also performed the grinding and polishing

operations which also required special rotary tables because of the

s&ze and weight of these pieces. This equipment was designed and

built and was successfully used throughout the program.

The last shaping operation was to cut these beamsplitters to

the required pentagonal shape. These cuts had to be made at 31-43'
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glv to conform to the frame angle. They also required extreme precision

so that the dynamic loads would be evenly distributed on the bearing

surfaces. This task was also delegated to Delta Development who

set up special diamond impregnated saws for this purpose.

The last operation needed to complete the spherical beamsplitter

was the application of the reflecting coating on the concave side

and the anti-reflection coating on the ('onvex side. No vacuum facilities

large enough to evaporate these coatings were available. Since the

performance of these coatings are crucial to the proper performance of the

pancake window, the Optical Coating Labs. Inc. of Santa Rosa, Calif.

was authorized under a subcontract to install and/or modify the vacuum

chambers and heating ovens required for applying these coatings.

O.C.L.i. has the proprietory rights to the HEA anti-reflection

coating which was applied to a number of surfaces of various optical

elements to reduce the brightness of unwanted ghost images to

minimum levels.

The birefringent package, Part No. 139912 was the most difficult

element to make. This consists of several layers of glass plates

laminated with sheets of polaroid and quarter wave retarders. The

angular alignment of the various elements is critical. The problem

was compounded by the fact that the glass parts were 58.75 inches in

diameter but the maximum width of the polaroid available was only 18

'
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inches; the maximum width of the quarter wave material was only 28

inches. Thus three pieces of polaroid had to be joined and two

pieces of quarter wave plate had to be joined. The lack of materials

of adequate size made it necessary to carefully match adjoining pieces

both for color uniformity and angle of retardation. This problem

was greatly complicated by the fact that both materials were not

usable out to the edges because o'f non-uniformity and had to be

slit to remove the edges. The slitting process was very difficult

since ordinary cutting produced residual strains in the material

which resulted in undesirable color fringing. An air-abrasive cutting

process was devised to overcome this problem.

The situation invc±ving the quarter wave material was even

V more difficult because it is supplied in very large rolls of several

thousand feet long and is only a few thousandths of an inch thick.

Its angle of retardation vaidconsiderably across its wdhas wl

as its length. This made it necessary to set up large rewinding facili-

ties and instrumentation for analyzing retardation as well as light

tables to inspect for defects. Thus the process of selecting sections

for correct matching was difficult and time consuming. After complete

sets of materials were selected they had to be cemented into a final

assembly. This had to be done in two operations because of the

difficulty of maintaining angular alignment between the quarter wave retarder

3
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and the polaroid sheets while at the same time attempting to avoid

gaps between adjacent sections. The relatively high viscosity of

the optical cement and the large areas involved made it extremely

difficult to eliminate entrapped air bubbles. Elaborate positioning

fixtures which permitted control of 2ach section were developed.

These were extremely difficult to use because the materials tended

to float in the cement until it started to set. Various clamping

techniques were evolved during the program until a satisfactory

method was arrived at. While some of the first assemblies made

were not entirely satisfactory, the later ones were much improved

and quite good.

The finished birefringent assembly also required precision

cutting to pentagonal shape to accurately fit the frame. This

cutting presented a new problem since it was feared that the plastic

layers would clog the diamond saws required to cut the glass.

After considerable experimentation and consultation with the saw

manufacturers, a satisfactory method was developed which resulted

in clean, precise cuts with no chipping or flaking of the glass.

IThe last element of the pancake window is The linear polarizer

part No. 139915. This consists of a set of polaroid sheets sandwiched

between two pieces of glass coated with HEA anti-reflection coating

on the outer surfaces. This part was somewhat easier to fabricate

since it is only 48" in diameter and only three pieces of polaroid

1/
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had to be matched and positioned during cementing. This part remained

circular to facilitate alignment of the axis of polarization.

MECHANICAL STRUCTURES

WINDOW FRAMES

The fabrication of the window frames part No. 139905 was

particularly difficult because of the tight requirements for precision

and straightness on a complex, heavy weldment. The basic frame

member is cut from a 10x4x3/16 wall,. steel structural tube with a

piece of 1/8 inch thick, high strength steel plate welded across

the cut opening to carry the glass elements. An elaborate welding

fixture was developed to position all the component parts in proper

relationship and a welding schedule was designed to control distortion.

The inner and outer stiffening braces at each apex were bolted on

to avoid deforming the critical frame angles. All through the

fabricating process and final inspection every frame was checked

by fitting in guage plate part No. 139929-A. The entire task of

fabricating the 16 window frames was entrusted to Skyline Products,

Inc. of Deer Park, New York.

OUTER SUPPORT STRUCTURE

The fabrication of the components of the outer support structure

part No. 141200 was carefully controlled to insure easy and accurate

assembly in spite of all the compound angles involved. The pipe struts
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part No. 139907 were ordered as drawn-over-mandrel tubing in order

to get the best straightness and smallest tolerance on out-of-

roundness. Both ends were then turned to provide concentricity

and proper fit in the forged yokes. The yokes are aluminum

forgings which were faced and drilled and then bolted together in

sets of three with suitable spacers. These sets were numbered

and always kept together for final boring of the strut sockets

and the stud seats. These operal;ions required extensive tooling

to provide the accuracy required for complete interchangeability.

After installation of the ball stud and ass,.:ciated parts this

became the joint assembly part No. 141150. The most difficult

components of the support struc.ture to fabricate were the joint

assemblies on top of the legs due to the complex angles. Each

joint has different angles due to the nature of the dodecahedron

geometry and the asymetric orientation of the structure. See

Fig. 1. These joints consist of a yoke forging welded to an

adapter to support it in the position. Spacers were provided between

the joint assemblies and leg weldments in the event a leg had to

be shortened or an angle had to be adjusted. None of the changes

proved to be necessary. This task was done by National Welding and

Manufacturing Co. of Newington, Conn.

The last major component required was the GRT mounting plate,

part No. 139906. ThIt is a pentagonal piece with each apex joggled
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and bored and drilled to support the 36 inch CRT at the proper focal

plane of the pancake window. The fabrication of these plates

presented considerable difficulties to Skyline Products, Inc. in

keeping th,! bent sections in the same plane within the specified

tolerance.

ASSEMBLY

OPTICAL ASSEMBLY

The installation of the optical components into the window

frame required the precise fitting of each part to assure uniform

bearing on all sides. It further required that both the bire-

fring..nt assembly and the spherical beamsplitter oe aligned so that

the optical axis was square to the frame mounting surfaces. The

.hape of the frame weldment made it necessary to install the bire-

fringement assembly part No. 139912 first. This was done with

the frame suspended with the small face down. It was found that

resting the frame on any support introduced enough distortion to

affect the fit. With the birefringent assembly in place, the fit

at each apex was checked for uniform clearance to avoid chipping

or flaking the glass. After the birefringent was properly set in

the frame, the retainers part No. 139897 were individually fitted

and clamped in place while the holes for the mounting screws were

transferred from e holes in the frame. The retainers were then
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removed and the holes tapped. The retainere were then reinstalled

and the clamping screws were removed.

The installation of the spherical mirror part No. 138172, was

particularly difficult because the birefringent sandwich precluded

access to the front of the frame .) guide it over the mirror. The

method finally used involved the use of a sLand fitted with a hydraulic

jack and a heavily padded table to carry the mirror which was care-

fully leveled. The frame with the birefringent sandwich in place

was suspended from a hoist, face up and also carefully leveled.

The frame was then slowly lowered over the mirror while being guided

to keep it centered until it was within one inch of the edges.

The hoist was then secured and the mirror jacked up until it was

snu'gly in place. While in this position the retainers were

individually fitted, and installed to secure the mirror in its final

location.

The last item to be installe6 was the linear polarizer, part No.

1399±5.. This was lightly clamped by the retainer to permit rotation

of the polarizer to correct alignment with the birefringent sandwich.

After completion of the alignment, the retainer screws were carefully

tightened while observing the window with diffused ligbt to detect

unwanted color fringing in the event the polarizer was strained. In

this case the retainer was shimmed with corkprene.
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MECHANICAL ASSEMBLY

All three outer support structures, part No. 141200 were shop

assembled in order to check the fit and alignment of all parts and

to locate the holes for dowels which lock the tubes into the

joint forgings. In order to provide a flat and level surface to

simulate the top of the motion platform, a floor made up of two

layers of crossed sheets of plywood bolted together was prepared.

Pads of several layers of plywood were screwed on to provide the

proper elevations for the legs. This floor was then leveled on

the shop floor using shims and a surveyors optical level. The

eyepoint and locations of the legs were laid out on the wooden

floor using steel tapes and squares. Since the bolt hole pattern

and orientation of each leg was different, sets of coordinates

were computed to insure proper location of every base plate. This

data is given on Dwg. No '39936 along with the height of each

leg. The legs were mounted on the floor and the heights were

determined by using a theodolite. Adjustments were made by shimming

where required. The structure erection continued with the mounting

of joint assemblies on the legs using the nominal 1/2 inch thick

jspacers. The pipe struts and joints for the first tier were pOt

in place and loosely clamped. The joints were accurately spaced

and the tubes located longitudinally and angularly by the use of a

set of gages adjusted to the nominal drawing dimensious. This
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process was continued until the entire structure was completed by

closing the last joint. All the join" spacings and strut locations

were rechecked, and the clamping bolts on the yokes were tightened

to the specified torque value to hold the pipe struts. A portable

drill was fitted with a special clamping fixture to position it

on the forged yokes to drill the pilot holes for the 3/4 inch

diameter high tensile shoulder bolts. These holes were then

reamed for a push fit with the bolts. The bolts and nuts were

then installed to lock the structure. After installation of the

I-all end screws and associated parts, a set of empty window frames

was put in place to check the fit. The first assemb]y was

designated the test article so the window frames were fitted with

the metal dummy optical components. After inspection by Singer-SPD

represent :ives, the whole unit was dismantled and shipped to

Singer-Binghamton.

The procedure outlined above was repeated with the following

two support structures. Thu second unit was fitted with a full com-

plement of deliverable pa cake windows. Plastic screens were

installed in place of the CRTs and the optical tests were performed.

The third support structure was completely assembled, less windows,

and after inspection it was dismantled and stored until required for

Installation at the using facility. The pancake windows for the

second system were delivered to General Electric Co., Daytona Beach,
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Florida to be installed in support structure No. 1 which was shipped

after completion of the dynamic stress testing.

CATHODE RAY TUBE MANUFACTURE AND ASSEMBLY

Following the decision to proceed with an all-glass CRT envelope

resulting from the preliminary design studies, and while further

detailed CRT design studies were being conducted and a CRT pro-

cessing facility was being established, procurement of the CRT

envelope was initiated with Corning Glass Works having the primary

responsibility of designing a glass CRT funnel which, after sealing

to a sagged faceplate, would be capable of being processed into a

finished CRT.

The production of the CRT envelopes involved a complex sequence

of steps performed by Schott, Penn Optical, United Lens, Corning

Glass and Optical Coating Labs. The steps performed were essentially

in sequence and consequently difficult management problems were

presented in maintaining schedule conformance due to the successive

slippages resulting from difficulties in any preceding step. .enaer

Glaswerk Schott in Duryea, Pa. was the contractor for melting boules,

or large blocks of glass, in non-browning glass. After annealing,

the boules were sliced into large discs for delivery to the grinding

and polishing subcontractor. The technique for slicing the glass

discs involved the upe of a diamond loaded fine wire some one mile
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in engrh looped throughout the complex of buildings. This wirep length was nece-iary in order to prevent premature reduction of

cutting efficiency due to the loss of abrasive.

After disc production, the ground surfaces were polished by

Penn Optical, Reading, Pa. and the discs then forwarded to United

Lens, Southbridge, Mass., which performed the faceplate sagging

step. Wherever possible, the CRT facep34te was sagged together

with a second glass disc of thinner glass which comprised the

implosion plate. This item was obtained from conventional glass

plate sources and after sagging was dispatched to OCLI in Santa

Rosa, Calif. for the aptlication of a highly efficient anti-

reflective coating.

In the meantime, the sagged faceplate was dispatched again

to Peni, Optical for a second grinding and polishing operation.

Following this step, the faceplate was delivered to Corning Glass

Works, Corning, New York.

At Corning the CRT 'unnel wg, produced by a combination of

pouring and spinning using equipment and techniques developed for

the production of missile nosecones. Following the production of

the major funnel portion by this technique, a second specially

tooled, conical sectioz was then sealed to the minor diameter of the

main funnel. This f,.nnel subassembly was then delivered to the frit

42

II



sealing department of Cor.aing where the sagged and ground and polished

faceplate was ground to match the flange on the major diameter of

the funnel and the two ground surfaces fric sealed in a special kiln.

Following successful sealing and annealing, the completed assembly

in this form was delivered to Thomas Electronics in Wayne, N. J.

Specification and procurement of the metal housing for the CRT bulb

proceeded essentially without developmental problems.

Early in the design study phase of the program, it was apparent

that the processing steps in tube manufacture would present unique

processing problems. In the first place, the weight of the CRT

bulb, approximately 160 lbs., obviously made it impossible to hand

carry the tube from station to station as with conventional tubes.

It was therefore con cluded that it would be necessary to have a

portable hoist which could convey the tube through the various

processing stations and to devise special supports over the pro-

cessing stations to safely hold the CRT funnel. The processing

steps involved are as follows:

I 1. Acid wash andwater rinse after Quality Control inspection

2. Dry, place in special holding ring, and apply graphite

conducting coatings across frit seal at faceplate/funnel

3. Bake at 4200 C.

4. Apply phosphor screen

5. Decant and dry

6. Rewet screen, apply lacquer solution, rinse bulb walls and dry
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7. Apply graphite wall coating to funnel Pad anode; dry

8. Aluminize

9. Screen bake in air at 4200 C.

10. Remove original neck and splice new neck prior to gun seal

ii. Gun seal

12. Exhaust including electrical gun processing and tip-off

13. Cathode aged and getter flashed

14. Pretest

15. Encapsulation - implosion plate housing, anode lead and

flying base leads

16. Final test

17. ATP and ship.

The first approach to the transportation problem was to consider

the use of a hoist and overhead rail. For flexibility however, it

was considered more suitable to employ a wheeled vehicle and the

selection of a battery powered hydraulic hoist was finally made. At

first it was suggested that the CRT bulb be moved from station to

station and left at each position until the processing sequence was

complete. It was quickly found much more suitable however to per-

manently secure the CRT bulb to a platform on the hoist and adapt

the platform to rotate, rilt and perform all other maneuvers while

remaining attached to the hoist, rather than to frequently re;,ove

and reattach the bulb.
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Through the use of the holding ring, the CRT remains attached

to the hoist throughout all processing steps prior to screen bake.

The concept was particularly effective during the aluminization

step where the tube is placed under high vacuum for the first

time. This is the first step involving the substantial implosion

hazard and although guards were employed around the CRT envelope

during this step, the face that the tube was constrained in a

holding ring provided substantial added protection. The two

most hazardous steps were however:

1. The removal of the evacuated bulb from the exhaust oven.

2. Removal of safety guards from the CRT prior to encap-

sulation.

During these steps, technicians who were required to handle the bulb

wore heavy duty safety helmets and leather crash suits.

By February 1972, the first sagged faceplate had been fritIsealed to a glass funnel designed and produced at the main Corning

Glass Works in Corning, New York. A strain gauge test program was

then conducted on this first faceplate/funnel assembly. After

completion of these strain gauge tests, it was concluded that the

design was not adequate for CRT processing. Accordingly at a

meeting at Corning Glass Works on March 16, it was decided to.I redesign the glass funnel with a view to increasing the overall
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pressure strength of the assembly. Tentatively, no faceplate changes
were suggested. on June 9, 1972, Corning completed the production

of a redesigned funnel which essentially employed a thicker wall

section for the first 2" below the frit seal. The first new funnel

was sealed to a faceplate and strain gauge tests predicted that

the complete assembly would withstand a pressure of 42 psi, which

was considered satisfactory. However, during the week of June 19th,

a severe flood occurred in Corning, New York which destroyed the

first bulb assembly and additional inventory, and rescheduling was
required. It was further agreed, following consultations with GE

and Syntronic Instruments, the selected vendor for the CRT magnetic

coils, that a redesigned yoke reference line contour would be

required to ficilitate optimum beam deflection. Accordingly,
Corning was instructed to proceed with the tooling of a new lower

funnel design for subsequent incorporation in the main assembly.

The first bulb delivered to Thomas by Corning was on September

20, 1972. This bulb incorporated the new f-nnel design but not the

final tooled version of the yoke reference line section. However,

It was deemed acceptable for prototype purposes and tube processing

was commenced. During the course of the preliminar., ocessing of

the bulb, the CRT neck was accidentally broken and ?rocessing had

to be discontinued and the bulb returned to Corning for salvage.

The second bulb was then delivered to Thomas on September 27, 1972.
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Processing was commenced with this bulb and progress was made in

applying the phosphor rcreen and lacquer layers. However, following

a routine inspection step, it was noted that the bulb had developed

many small axial cracks across the funnel/faceplate frit seal.

Corning's examination of this bulb resulted in a recommendation

to handle the envelope by ..eans of a circular peripheral clamp in

order to evenly distribute the stresses around the entire CRT

circumference. Accordingly, a split ring was designed and was

employed in conjunction with the hydraulic lift to perform all

operational steps in the processing of the tube.

Following successful completion of the lacquering step with

the third CRT envelope, the bulb was placed on the vacuum aluminizing

equipment. It implodkd after several minutes of evacuation.

An examination of the failed bulb confirmed the presence of

severe radial cracks and after the bulb was examined in detail in

the CqW laboratories, it wan concluded that improvements in the

frit sealing thermal cycle should solve the cracking problem.

Accordingly, Corning redesigned the thermal controls in their frit

* sealing kiln and the first new assembly was sealed on January 19, 1973.

This bulb was then subjected to a full hydrastatic pressure test

to 31.5 psi without failure. On careful inspection following the

*pressure test, no defects could be detected and the envelope was

then released to Thomas Electronics for processing. All processing
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steps on this envelope were successfully concluded and the tube was

finally tested electrically on March 7, 1973 and shipped to GE,

Daytona. Considerable apprehension was felt during the first high

voltage testing of the tube both at Thomas and Daytona due to the

inevitable occurrence of initial high voltage arcing. At some risk

to envelope puncture, Thomas engineers applied an 80 kV discharge

to the neck of the tube to successfully clear stray emission paths.

However, on delivery to Daytona the tube arced intermittently for

the first few days or week. Fortunately the development of

protective circuit techniques by GE engineers resulted in no

catastrophic sweep losses and in the subsequent course of the

program, high voltage stability was never a serious problem.

PRODUCTION PHASE

Fifteen production tubes have been fabricated for the ASUPT

since 7 Mar 73. It required 24 bulbs and 3 implosions in the

process. Following the completion of the prototype tubes, the

production of subsequent tubes from 7 Mar 73 to 6 Dec 73 continued

without undue conflict:s until the processing of tube No. 6 (M12).

This tube, following the completion of all coating and bake steps,

imploded violently during exhaust on 7 Dec 73. Further production

on two bulbs at Thomas was halted until Corning Class engineers

completed an analy3is of the problem. Oven temperature gradients

at both Thomas and Corning were re-cheacked, compatability of glass

4
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components checked, and Corning's final verdict was that the implosion

was an unexplained failure. Early in 1974 production was

started again and on 25 January, a brightness output problem in

tube No. 7 was discovered in pre-tests. The first six CRTs had

no brightness efficiency problems as outputs of 50 lumens/watt

were achieved. Tube No. 7 was measured at about 40 lumens/watt.

Thomas tried different phosphor processes and in late Feb 74 the

phosphor weight was reduced 12% and the water/air temperature

differential was reduced to 150 F. This change resulted in an

increase ii Output efficiency Df 68 lumens/watt in CRT No. 10, for

example. Tubes 8 and 9 had bE h~id at Thomas until GE determined

whether or not they could drive the "low efficiency" tube No. 7.

GE had no problem ani CRTs 8 and 9 were shipped to GE.

PRODUCTION
ASUPT Date

CGW Bulb # CRT No. Shipped Ship# Remarks

#1 .... neck cracked

#2 .... fractures in frit seal

#3 .... imploded

#4 Prototype 3/7/73 M5 prototype; reshippd 9/4/74

#5 1 4/20/73 M6 first production tube

#6 .... neck perpendicular out of spec

#7 2 6/18/73 M7 second production tube

#8 3 7/17/73 M8 third production tube
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ASUPT Date
CGW Bulb # CRT No. Shipped 6h1 _# Remarks

#9 4 8/27/73 M9 fourth production tube

#10 5 9/26/73 Ml0 fifth production tube

#11 8 4/11/74 M16 eighth production tube

#12 9 4/11/74 MIl sixth production tube

#13 6 11/30/73 M12 seventh production tube

#14 -- imploded 12/7/73

#15 7 3/27/74 M17 ninth production tube

#16 i0 4/19/74 M18 tenth production tube

#17 -- M19 imploded 4/11/74

#18 .... returned to CGW 4/12/74

#19 -- returned to CGW 4/12/74

#20 11 7/23/74 M20 eleventh production tube

#21 12 7/23/74 M21 twelfth production tube --
imploded 4 Nov 74

#22 3 9/4/74 M22A thirteenth production tube

#23 14 9/20/74 M23 fourteenth production tube

#21# 15 10/13/75 M24 first spare CRT

The next CRT was shipped in March 74. The following CRT imploded

in the oven at Thomas several weeks later, 11 Apr 74. This was quite

a blow t& the program. When it appeared that the bulb manufacturing

problems at Corning ha6 been resolved and that processing skills at

Thomas had been nearly optimized, another CRT implosion was plaguing
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the program. The tvo bulbs currently at Thomas were returned immediately

to Corning for analysis. Although Corning felt that this failure

was, again, an exclusive incident, they modified their fritting

procedures (frit is the tooth pasta-like material which is heated,

melts, and bonds the faceplate to the funnel section of the tube),

and raturned these bulbs 16 May to Thomas. Corning considered

"armour guarding" (a process by which vaporized frit is sprayed on

and around the frit seal region under the heat of a flame), or

*. strengthening the frit seal but eventually grounded the seal down

and pressure tested the bulbs before sending them back to Thomas.

Tubes 11 through 14 proceeded without dinaster and the schedule of

V 27 Sep 74 for CIG acceptance was met with all fourteen CRTs installed

in both visual displays. The prototype CRT was reworked in the

YFall of 1974 and used in the final system with the 14th production

CRT serving as a spare.

The third CRT implosion in Zhe program occured at Williams AFB

on 4 Nov 74. CRT No. M21, which waa installed in channel B-6 on the

ASUPT, suddenly, and inexplicably cracked, The implosion panel

preserved the glass bulb and prevented the tube from total self-

destruction. An Air Force evaluation team investigated the incidents

surrounding this failure and reported their findings. See Appendix A.

The damaged tube was returned to Thomas, who in turn had the CRT
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sliced apart at the frit seal by Schott Optical. Corning analyzed

$r fragments and pieces of the damaged CRT and published their findings

26 Jun 75. Although their analysis did not conclude that the

frit seal was the cause, they could not blame structural defects

in the faceplate or funnel sections. See Appendix A.

The first spare ASUPT CRT was fabricated in Sep 75 and shipped

to Williams AFB 13 Oct 75. This tube was the best performing CRT

fabricated and its test report is included in Appendix A. Three

to six spare CRTs are projected with spares #2 through #6 being

fabricated at Thomas in 1976. Thomas is currently investigating

plastic, or LEXAN, implosion panels for the 36" CRTs.

FIELD INSTALLATION 6 INTEGRATION

INSTALLATION AT SINGER-SPD

The first unit to be installed at Singer-SPD at Binghamton was

the test article. This was delivered on February 9, 1972. The

locations of leg base-plates and bolt holes had been laid out

previously on the motion platform so the assembly was started as

soon as the parts were unloaded from the truck. The assembly of

the entire structure including the window frames, CRT mounting

plates and all the dummy loads required for dynamic testing was

completed on February 22, 1972.

The installation of the strailn gages was started on February 11.

The wiring of strain gages to the signal conditioners and recorders
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was completed on February 23, 1972. The dynamic testing was started

on February 24, and completed on February 25, 1972. The second

series of dynamic tests using combined motions was conducted on

March 21, 1972. As was previously noted the results of the tests

are given in the Brewer 2 report. A motion picture record was made

of all motion tests.

The second outer support structure frame was delivered to

Singer-SPD on October 27, 1972 and erection was started on October

30, 1972 and completed on November 2. The invstallation and

alignment of all seven pancake windows was completed on December 15,

1972.

The third support structure assembly was completed on November

20, 1972, then dismantled and put into storage.

INTEGRATION SUPPORT AT G.E.

After completion of the dynamic testing, the outer support

structure of the test article was dismantled and shipped to the

General Electric Co. in Daytona Beach, Florida. Erection of the

frame was started on March 26, 1973 and was completed on March 29,

1973. The pancake window modules were shipped to G.E. on March 28,

1973. Installation of the windows started on March 30 and was

completed on April 13. The optical alignment was started on April

30, 1973 and the preliminary acceptance tests using screens instead
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of CRTs was completed on May 3, 1973.

The first production CRT was delivered to G.E. on June 12, 19/3.

Installation and alignment was completed on June 15, 1973. The

remainder of the tubes were installed and aligned between December 3,

1973 and December 11, 1973.

Since the electronics for the CRTs was not available when

alignment was started on December 3, 1973 no test pattern could be

illuminate d. Specially calibrated test strips with holes accurately

located at known angles were attached to the faces of the tubes.

These strips were then used to properly focus and center the CRTs

utilizing a theodolite and parallel telescopes to check mapping and

collimation respectively. The adjusting screws in the CRT mounting
,/

plates and the CRT mounting studs were locked in position with/

jam nuts to permit G.E. personnel to remove and replace the CRTs

without changing the optical alignment. This system was left at

G.E. until July 1, 1974 for use in integrating the electronics

after which time the windows were removed, crated and shipped to

Williams AFB, Arizona. The support structure was dismantled and

shipped to Wright-Patterson AFB where it is now stored.

INSTALLATION AT WILLIAMS AFB

The first outer support structure which was previously installed

at SPD Binghamton, N.Y. was shipped to Williams AFB and erected on
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motion platform B. This was completed by October 1, 1973. The

installation of the window modules was started on October 3 and

was completed on October 9, 1973.

The second outer support structure was delivered to Williams

AFB on June 21, 1974 and was erected on motion platform A. The

window modules for this system arrived from (.E., Daytona Beach,

Florida on July 9, 1974, and installation wias started. This was

completed on July 26, 1974 including the alignment of the CRTs.

Work was then resumed on the installation and alignment of the

CRTs for platform A. The CRTs were installed as they were

delivered. In the interim the maintenance platforms and ladders

were fitted to both platforms and the mounting brackets were

installed to permit use of the platforms on both motion systems. j
See Fig. 10. All work was completed on July 31, 1974.

TESTING

The testing of all component parts of the visual display was

carried out at Farrand for the window assemblies, at Thomas in the

case of the CRTs, and at SPD in the case of the test article.

Nevertheless, there were additional, special tests conducted on the

visual display and its components. These test reports are not

documented here but include the following:

(1) ASUPT CRT motion/electrical test at Singer, 1973 -
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purpose: to determine whether or not a powered CRT could withstand

normal and emergency motion platform accelerations.

(2) ASUPT CRT coil mounting flange deflection test at Farrand,

1973 - purpose: to determine whether or not the 50 lbs. of coils

would deflect the coil mounting flange enough to cause coil/glass

neck interference (damage) under motion platform accelerations.

(3) Simulated T-37 wing study, 1973 at Farrand - purpose:

to determine whether or not wings could be somehow simulated in the

visual displays realistically and economically. Farrand proved the

feasibility and General Electric implemented wings in the visual

displays in 1975 at Williams AFB.

(4) Contrast ratio performance through the ASUPT pancake

window, 1973, at Farrand - purpose: to determine whether or not

the system specification of a 20:1 contrast ratio could be met.

(5) Integrated testing at General Electric, 1973 - purpose:

to determine whether or not the first ASUPT CRT/CRT electronics and

pancake window combination would meet design goals.

(6) Simulated CRT mapping test at General Electric, 1973 -

pu-eose: to establish the range of system discontinuities and/or

mapping errors to be anticipated with a complete set of aligned CRTs

(specially designed plastic screens were used to simulate CRT

faceplates).

-N.
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VISUAL DISPLAY MAINTENANCE CONSIDERATIONS

The maintenance of the ASUPT visual displays, including CRT

electronics, CRTs, and pancake windows presented a unique problem.

The ASUPT was the first simulator developed with a dodecahedron

shaped visual display structure and CRTs mounted to each of seven

channels. Commercial maintenance platforms could be considered

for the lower channels, but special consideration had to be made

for the upper and top channels of the displays. In April, 1974,

General Electric sent to the Air Force and Singer an Engineering

Memorandum (GE-051) stating some necessary requirements for the

maintenance platforms. This memo included the following: (1)

The design of upper platforms should account for the CRT electronics

and allow 30" clearance, (2) The upper platforms should be independent

of the lower platforms, i.e., they should be mountable without the

lower platforms being installed, (3) Installation and removal of

the platforms should take no longer than 30 minutes, (4) All

maintenance ladders should have wide steps and a moderate incline

angle, (5) There should be 4' high railings on all platforms, and

(6) The upper platforms should be 30" x 7 1/2' to allow a minimum working

area. Farrand Optical considered these suggestions in their design of the

two upper platforms, since GE was contracted to maintain the visual

displays including electronics, CRTs, and optics after final systems

installation. Fig. 10 depicts the two maintenance platforms in their

final form. The platform at the top of the figure services channel 3
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primarily, whereas the platform at the left, behind the man holding

onto the railing, services channel 2. The commercial. scaffolding,

located at the left of the figure and consisting of aluminum tubing,

services the lower channels, including 1, 4, 6, and 7. Channels 1,

5 are available for maintenance from the motion platform, to some

extent. The wooden, pentagonal frame at the oottom of figure 11 is

used to hold CRT assemblies as they are transported from the

alignment bench area to the display by fork lift. After one year

of visual display maintenance, the visual display platfo:.ms have worked

well.

I
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FINAL TEST DATA

The final optical alignment of both systems was measured after

adjustment of the window modules and the respective CRTs. Since

the driving electronics were still not operable the measurements

were made with the calibrated tapes on the outer surface of the

CRT implosion :aps. A suitabAe correction was made for the glass

thickness between the tapes and the phosphor surface when checking

collimation. The final test results are included in Appendix A.

Only collimation measurements were made to insure that the

system was focused at infinity within tolerance. It was not

necessary to take mapping measurements since the local distortions

had been determined previously. The distortions in the optics

remain constant but the magnification can be varied by changing

the image size electronically on the CRT thus making the images on

all windows match.
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Fig. 7 Workers at Corning Glass

assemble the gla:s bulb. At the
left, measurements of the funnel
section are made. Above, the

funnel section, actually two
-'" ,. -.,zpieces, 

is set on top 
ofa

t, - faceplate to show the relative
size. Below, workers are

preparing to remove a faceplate from the grinding jig.

66

-III,.



* '-, ,-,co

67



-~ 
I 

-

~,, Figure

= ~ --- ---- -- 8



* . * ' .*c~ 
. b '~ g .~ % re~ rv*~ 

e - 6?--U 

LF- 

ft

Figu re1

- ~- 
- A tr 

t cs~ s si P t~ t2 kt69



*17

70



REFERENCES

1. Beardsley, H., Bunker, W., Eibeck, A., Juhlin, J., Kelly, W.,

Page, J., & Shaffer, L. Advanced Simulation in Undergraduate

Pilot Training: Computer Image Generation. AFHRL-TR-75-59(V).

Wright-Patterson AFB, OH: Advanced Systems Division, Air Force

Human Resources Laboratory, November 1975.

2. Dynamic Stresses on Dodecahedral Support Structure, Report No.

478, Brewer Engineering Laboratories, Inc., Marion, Mass. 02738.

3. System Definition Study for the Primary Visual Simulation System

for the ASUPT Program, Report for Contract F33615-69-C-1883, Apollo

Systems, Space Division, General Electric Co., Daytona Beach,

Florida, 30 Jan 70.

71



APPENDIX A

1.Initial Thomas technical report on the feasibility of a 36" CRT.

-i2. Imploded CRT #M4-21 report.

3. CRT #15 acceptance test report.

4. Final window test data.

5. Theory of operat.on of Farrand infinity in-line optical system

and ghost images.
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______April 30, 1971

1. InitialThomas Technical Report

An all-glass envelope design arnd corresponding bill of miaterial was aiticipatcd

at the Comm encemient of tlie CM'T Study and confirmation of vendor sources has been

cstablish~d. Non-browning faceplate glass in the form of ground and polished discs

to satisf'actory blemish specifications Is available both from Schmott Optical Glass Company

(Glass No. 3459) and Corning Glass W1.orks (Glass No. 9025). A twvo-pmcce spun glass

funnel Jn 0120 glass can b2 produccd in thec Radome facility of Coining to snuthfactory

mechanical and quality spncificaLions. The fac1 'plate and Ltnel can be sealed by thse

frit technique as proven in crts for carlier Aix-to-Air and Apollo visual simulator

f ~However, continued investigations into cost, lead time and safety factors have

resulted In tw~o alternative approaches to envclopc fabrication.

IL appears fe,,sile to sag the rear funnel scctionl fronm p)late glass by the Samle

telmnique employed for faceplate sagging. By empjloying a commercial plate glass

for both faceplate and funnel, together with an appropriate conical neck and flare

section sealcd to the sagged funnel component, It is possible that Cie cintiie CAt envelope

could be produced at substantially l3ower cost and Within a 90-day delivery period.I

Further investi-ation into the availability and properties of commercial plate glass Is

underway to confirrmfeasibility of this envelorc fabricition approach.

An important considcration in producing an all-glass envelope enip!,,ying either

spun or sagged funnel component relates to thc- potential implosic ,hazard presentro
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occurs bewcecn thc crt cvacuation stcp and the application of implosion cap and fumael

sleld's. Implosion prccautioi:s ncccssary during this phase vould be greatly simplificd

through the usc .,. a xn, " .1 funtcl envelope component. The feasibility of adopting a

metal funnel €lesion has therefore be_- , rc-examincd.

Mror practice with metal funnel crts has involved de tse or % hot sealing

tecluifque for the faceplate. This technique is highly critical and requires special

annealing equipment. The use of a pyroceramic frit technique for sealin,- faceplate

to a spun metal funnel appears quite feasible nd could rcstJLt in substan~ial cost and time

savings, In addition to providing a crt envelope which is inherently less hazardous during

both prcessing and end use. Further study is underway with lespoct to dctailed seal

design.

A final decision to select one of the three fabrichtion approaches will be made

following the completion of strengt1i analyses and design tests currently underway.

I
I
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April 30, 1971

Two speccial crts havc b-cni constructed and CNalAcd to provide clcctric,-l

performiance data. 1Both tube-s employed a 19" diamieter faiccplitc scaled to a low

deflection an-ic fuinnl similar to tube type 19.%13.1 which closcly approximates the

funnel lengpth of thc 36MI0 ASU,ll' crt. 71he first tub.- employed a conventional on-axis

gun/nckl assembly. At 35 Kv, it, exhibited the following characteristics on-axis;

Modulation Voltage Anode Current Line W'idth Inches

Volts-D)CI Micro-Ampocs Inches

20 17 0.010
40 130 0.012

60 390 0.018
s0 900 0.020

120 1300 0.030

The second. tube was fabricated with the gun/neck assembly inicincd to result in

undeflcted spot landing at the crt scrcen edgec. Deflection of the b-.am acros, t',:(

0 cii C~cjf results in a 400 dcfiection angle as in the 36M10 ASUPT tube. Off-axis

ie wid(th data is therefore fully representative of that obtainable in thie final crt.I

At 35 Ky, the following, data was obained:

Off-Axis (350)

Mod. Voltage Anode Current Lie Width (Merged) llrijghtness

*VDC UA Inchers 't. L,

20 22 0.010 6.5
60 250 0.018 145

100 1050 0. 02.1 530
120 1600 .0.026 700
140 2600 0. 028 970

*A 600, 000 IPS wvith 20 linecs per finch,
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Th1 teflcction coil CltiployCd wvas a Syntro;.ir, type Y66.IF(;P';. I lie focus coil was

type J['l)l-C Swndard No. 122 maiufacturud by Rola Corporation. The w;'iti;g rate

was 600, 000"/sec. with a line spacing of 20 l.l'I.

It will be noted that te off-axis lirc width is essentially comparable' to the on-axis

performance widin the limitations of the modulation level of 140 v, vhich il the case of

tic second crt resulted in a 2. 8 mA beam current. Due to video pulsc amplifier limita-

tions, it was not possible to operatc die off-axis crt L modulation levels above 1,10 v.

To determine, therefcre, whether line width increised sharply at the 4 mA level, a

brief visual observation of raster lines was made with the grid setting ,'djusted to

provide a 4 mA beam current at IC level. No excessive line width growth was observed

during this subjective evaluation.

The Syntronics Y66 I-GS deflection coil is a high inductance type and in general,

deflection defocusing is increased with die low inductance coil designs. li.ocver,

Dr. 1!. 0. Marcy, the deflcction coil consultant inl this Siltdy, ,;tatcs that compa rable

performance should b oibtainable from a deflection coil with reduced inductance, on the

order of 100 ull, suitable for the crt electronics design.

The deflection coil diameter of the Y66 yoke is 2.125". The excellent off-axis

line width readings can be pa i'iajly ati ibutei to this larger-than-normal yokc diameter.

'Ilhe favorable reat ings, however, suggest a possibility that a L,tadald 1. 5" yoke ,may

be feasible, thus simplfying, deflection amplifier (lesign. The off-axis ct will be rea ined

for future yoke testing.

'1 lie x-radiaticn cmncring, from the cr faceplate durij,, opeti.t io of the on-axis
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crt at 38 Iv andce with j MA DC hzam ' 1S IS li Iiroca qtcns pn: hour at a 6" distance

from the faccplate. tlowcver, (lie insertion of :i 3/,6" thic. impll)IOSiOn l'anctv.'eem

the crt faceplate and the radiation survy metcr reduccd the x-radiation to less than

0. 1 mR1. It should be fuirier notcJ! that thie anticipated faccplatc thicl;acss of t:e

36110 ASUVI' cr is 0. 6" mininum, vhich is approximately twicc that ot the 19M3. crt.

77I
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April 30, 1971

3. Optical Ciharactcristics and Screen Brigh:icss

The selection of an optimunm phosphor screen with emission characteristics

matching the transmission properties of the pancake window :ias been investigatcd in

the light of cur.:cnt progress in pancake window constiuction. A recent window spectral

0
transmission curve exhibits a peak zone over 5, 000 to 5, 800 A, with a particularly sharp

0

fall-off below 5, 000.A. The use of a white P-4 screen consisting of a blend of blue and

yellow phosphors would appear to be most inefficient, and even the choice of a high-efficiency

P-31 would appear questionable in view of the significant portion of P-31 energy emitted below
0 0

5, 000 A. lie best choice at present appears to be a 1'-20, peaking at approximately 5, 450 A

In addition to the direct transmission match requirement, there are, however, other

consIderations in the pancale window design vldch raise further phosphor selection

questions. For example, the use of a very narrow band phosphor such as P-44 would assist

in tile accurate alignment of pancake window components but, on the other hand, may

accentuate transmission uniformity problems a'ssociated with quarter waveplate uniformity.

It is probable that the intensity and color cf ghost images could he affected, and possibly

minimized, by the use of a phosphor with low side band em.lsions, It would appear that

blue emission content or c1i1¢ Land peaks would be particularly objectionable since most

bleed-through appears to be in the blue portion of the spctrum. All of the above questions,

of course, must be considered In relation to both on-axis and off-ax is properties of tLhe

phosphor/pancakle window mnatc,'.

At the present time, it would he premature to suggest a specific phesphor in view of

detailed material and design factors soacerning the construction of pja11cake windows

currea.tly underway, Close fliiscn with Farrand Optical engineers is recommended in

order to arrive at an optimum selcion, as fnaIpacake window are

cstabl lshcdl.

"i}.o '.; 7"L'.¢, , 10c . 10 R3. vr. . ;-., z:-. ,V .'L,' ..../ J-,;x,, 0? ;37 ::.. .1.', 20:
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It will be roted from Section 2 above that an area hrightncss of 970 I't. L. was mcasured

on tfie off-axis expcrimental crt under the conditions specificd. This measured brightness

reading corresponds very closely with the~calculated screen brightness assuming a phosphor

efficiency )f 40 lumcns/watt, which is a typical figure :or high efficiency sulfide phosphors

operating at high brig-tbiess levels. Assuming that a high-efficiency sulfide phosphor

similar to P-20 will be acceptablelas an optimum transmission match, It will be noted that

an Increase in beam current of up to 6 mA, or a corresponding powei increase in beam

current and high vcltage rttio, will be requi.red in order to provide for a field brightness of

1, 000 Ft. L. at a writing rate of million inches/second. 'llie actual writing rate may

be somewLat faster than this, but on the other hand the line spacing of 20 lines per inch may

.L be only a worst case c )nditlon at the extreme center, with a substantially In.zrased average

Ilir. density over most of the screen area. A precise calculation of bcani power required for

k ux icieut screen brightness !s not practical until further details are available concerning

the non-linear raster characteristics and retrace blanking ratios. It Is alsn not possible to

* tatv at this time the net pai.cake window transmission with its matching phosphor screen.

It would appear, however, that the use of the most efficient sulfide type phosphor wocd r.

highly desirable in view of the high beam power requirement.

In Uh tecting of the off-axis crt, no subjective variatiot. w, color of the P-20 phosphor

acreen was apparent up to the 970 Ft. L. level attained. Since P-20 is a single peaK

phosphor, in comaparison with the double peak characteristic of i'-31 for exnmple, it is not

anticipated that significant color varlations will a..c." either initially or during the life of

the phosphov screen. To establish repeatability of .vlor on successive crts, it Is recor-

mendcd t',t a, sub ,tant!?l q,,antity of tme P-20 phosphor be procured and stocked for use over

%lithe ,,t:cTat.J life uf the pi ogram, ince this class of phosphor is bot" Inexpensive and has "N-

79



an extremely stable shelf life.

In view of the favorable line width results reported in Section 2 above, small area

contract ratio, or MrF, should be relatively high bt quantitative measurement is

not practical witho'.jt a more detailed definition of raster design. Laige area contrast

ratio at ). 000 Ft. L. was 200:1 on the off-axis crt (from a measured hickground value of

4.9 Ft L. V away from edgc of'raster at 1, 000 Ft. L. of area brightness).

I

140mrne U~zlton;;. lc. ICOC vh/ 07470
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4, Anticipatc(, u~ uI'l.ife

AI
As tabulated in thc Third Monthly Report, die final life' test results were as

follows:

Tube V: 1 2 3 4 5

DIG lcarn Current: 1. 0 mnA 2. 0 mA 1. 0 mA 1. 5 mnA 2.0 mA

%of Original
Emission at: 477 lirs 96 113 86 92 92

1009 128 70 57 51

1491 96 51 38 51 -

CI' total loss

0
ile tubes fabricated for life test incorporated 19" 90 envelopes, since life test

equipment was rcadhy available for this CRT' size. T11c guns emploveco were rimibi r

to the 27jM23P-type (Air-to-Air CRT') which, in turn, wvere dlerived fromi the 27MIISP-clesign,

which has demionstrated anl average life. of 12, 000 hours in use onl thle Apollo Mission

7 simulator. The 27M1231P-gun design was also emiployed In the 19" low deflction angle

CRTs in the lie-width and brightness studies above. It was anticipated that this dezigni

would be suitable for the proposed 36M10P-CRT, with a cut-off adjustmient to provide a

k-4 mA capability. The cathode loading factor in the gun triode section is approximately

1 Amp/cmn2 . No special pr-ocessing stcps weic takeni in thle fabrication of tile 19" life

test tubcs; 75 nigin: S. A. LS. S. exotherinic getters were enmployed. The plIo:.lhor screen

was P-31; thc acceleration voltage cn-ploycd during t,': test was 15 Ky. The tubes w.ere

Six tubes wtrc originally fabricatcd but one tube exhibited a leaLkage path dluring initial

test and was, therefore, unuisable. Duc to Olec fixed timec ava ilablc' for the I ifo test study,
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v~oted that Tube No, 5 was lest after tile fir-,, 4717 hiuur test measurement. This tube

the test equipment associated With thc life test rack:.

hourtes pont nomnal500hous).Onetube in thc group continued to operate at a

'17e tbe wee eamnedat iecompletion oftieesprodwhtefloin

TubeSrial_ Getter Mirror Cathode Condition

.1 453 arlJviid but intact white (nlormial)

2359Non-metallc white (thinnled)

3350Non-inetallir greyish (thinnied)

4351Non- metallic white (normal)

Geneal onimia:Ca~louecci amic - no subli'mation.

depctin o (le g~t~- mrio ininelectron tube is a sti g indication of ex-
cesivCoutassng f tbc oltll~ orelectrodes in opera tion. It would appea r that

thede eofotasgpeualfrmthle phosphlor screen it thle high DC beam
currnt eves in(li tet CR'swassubstantially higher than normnal, rcsui iingineal

geter epitio indirc o Ai tues urithde test pio.In order to plovide an opera-
tioi.1lie lme ortheprposd 3%,10 RTmore nearly coniparale to that of a conventional

out~ssil" imetemlmiul- Cyles(Imingfinal crt evacuation. 'I his la ttc r icqu i ,mcnt



will be fulfilled as a matter of course during the processing of the 36M10 bulb, since a

24-hour tirne-temperaturc cycle sindlar to that en ,oyed in tlic 27M23 anq 271M18 CRTs

will be necessary for thermal gradient requirements.

Mic calculated life of i sulfide phosphor screcn such as P-20 or P-31, assumning a

20 coulornbs/cml. 2 half brightness characteristic, Is 40, 000 hours at a DC beam virrcnt

of 1 mA. A final predicti onah'ube life limitation due to phosphor screen aging, cannot

be made until the phosphor choice in lno~vn and operational brightness levels esuablished.

However, it would appear that a substantial margin is available.
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6. Conclusion iinc Recommenndations-

The results of the CRI' Study aipear to be most .nrcouraging and confirm the "Anticipated

Results" in dint an acccp~ablt, iinimum performance level hias 11cen demonstrated. The

6nvelopc design aspects are especially favorable in view~ of (fic options and alternatives which

Are now available. With Ul.. choices now estaLlishcd, there appcvirs nio doubt that satis-

factory envelopes can be fabricated,

Screen brlghtne.3s and resolution results indicate that with an Incrc-isc in beam currentK

of up to a maximum of 6 mA, adequate resolution should he available at a 1, 000 rtt. L.

area brightncss level. However, if additional developniert and study confirms the need

for 6 mA peak currents, It would appear highly desirable to develop a gun design which

would require reduced v-cco drive, since to achieve a 6 mA beam current with a conventional

triode section a minimum of 200 volts of video signial would be requlired. High transcon-

All ~ ductance techniques exist wvhich could probably reduce vidco requ Irin ctts by a factor

of between 2 and 5, and it is recommended that additional Study and development be conducted

to verify the feasibility of such designs in this application, with particular reference to pre-

servatlon of adequate resolution.

Adequate options appear to exist with regard to selection of itn optimum phlosphor

screen. A final ch.oice is uinlikely to require any new materials (level opm ent.I

The results of the life test Study sucygest, that a continuation of study and development is

required in order to confirm the tent,2iecnlsos Additionaltbssoudb ulJ ~emnploylz~g the largest availablecovelopes, and Incorporating increased getter yields and

extended exhaust pi. ieessing. With this adlionmil developmient work, Ii is considered

probable that the 36%h0 life can be predicted at between 5, 003 and 10, 000 hours.
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2. Imploded CRT #M-21 Report

36" BULB FRACTURE ANALYSIS

Performed for

Thomas Electronics, Inc.t

by

Corning Glass Works

Thomas J. Larkin, Jr.
Corning Glass Works
June 26, 1975
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36" Bulb Fracture Analysis
June 26, 1975
Page 2

I. Bulb History

Corning Glass Works 361' bulb #21 was manufactured in June 1974 from
all new parts. No salvaged part.s were used a-id none had been exposed
to any previous firing cycle other than normal arneal. Manufacturing
notes made during the bulb assembly indicate nothing unusual abr't
the parts th:-selves, preparation for sealing, or the actual frt
sealing cycle.

It should be noted here that in May 1974 it was determined that the
frit firing cycle for two bulbs shipped previous to May, 1974 was
Pot the recommended, optimum cycle. At that time these two 36" bulbs
were returned to Corning for possible salvage. Subsequeittly, exten-
sive work was done on the firing kiln with new thermocouples, new
controllers, and recut cams being installed. Three loaded test firings
were carried out prior to actual frit sealing. Bulb number 21 was
the first bulb frit sealed after completion of kiln repair and testing.

II. Initial Findings

Brian Gray and T. Larkin of Corning Glass Works visited Thomas Elec-
tronics on January 9, 1975 for the purpose of inspecting the cracked
36" tube wh;hich hlad been returned from Williaias Air Force Base. At
that time the tufbe was at air. The laminated implosion panel was
in place and the bulb faceplate maintained its original geometry.
The funnel portion of the bulb, except for two inches below the face-
plate-fu.nel seal remained potted in the RTV-funnel housing combina-
tion. Photographs of the exposed breakage were taken at the time.
(See fig.1.)

The following additional observations were made at. that time:

1. The exposed cracking extended from some where in the funnel
through the frit seal extending towards the panel centerface. \

2. Several cracking propagations were evident all showing similar
patterns.

3. A visual frit seal inspection .howed a good frit fillet both
outside and inside of the seal area.

4. No conclusive break source was visible with the bulb in this state.

IIE. Program

After initial Lspection on january 9, 1975 a review of findings dnd

a discussion of a possible program was held. Participants included
P. Seats and B. Waxenbaum of Thomas Electronics; B. Gray and T. Larkin
o." Corning Glass Works; W. Alberry from Wright Patterson Air Force
Jase. It was determined that the primary objective of the investiga-
tion was to determine the break source and cause of the tube breakage.
In order to maximize the probability of determining the source and
cause of breakage several courses of action were discussed
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36" Bulb Fracture Analysis
June 26, !275
Page 3

III. Progra.m (Con't)

1. The glass funnel could not be separated from the RTV potting with-
out dzmage, and therefore, a physical separation of panel and
funnel would be necessary.

2. Two methods of separation were proposed:
A. Separation by scoring and spot heating an area 1 " below seal

area.
B. Separation by contracting Schott Glass to cut using the same

method to cut large boules of glass.

The separation by Schott was preferred due to the toxic nature of hot
RTV. Thomas Electronics agreed to contact Schott to discuss separa-
tion feasibility and timing.

3. It was agreed that the breakage analysis would be accomplished by
Corning Glass Works at Thomas Electronics and at Corning's TV0ILaboratory in Corning, X.Y.

IV. Analysis & Results

B. Gray and T. Larkin of Corning Glass Works visited Thomas Electronics
on April 11, 1975 to begin analysis of the 36" t after panel-funnel
separation by Schott. The Schott cutting operainon was successful
leaving both panel and funnel sections intact. The following observa-
tions were made:

1. Three areas of the frit seal, each approximately 6" in length,
were removed as a result of saw binding and not cutting perpen-
dicular to the bulb axis.

2. The exposed frit surface appeared clean, evenly applied, and
well fired.

3. Excluding the missing seal area, the remainder of the seal exhibited
a good, continuous frit fillet on both the inside and outside seal
edges.

4. The break did not appear to originate in the lower funnel section.
5. One crack in the funnel, 1800 from the major breakage, occurred

during the panel-funnel separation.

During the April 11, 1975 visit T. Larkin numbered broken portions
which were suspect for containing the break source. Polaroid photo-
graphs were taken and panel sections were numbered 1-7 (see figure 2).
Funnel sections were numbered 8-15 (see figures 3 & W). It was re-
quested that pieces numbered 1-14 be removed from the total panel and
funnel sections, be hrapped individually, and shipped to the TV Develop-
ment Laboratory in Corning, N.Y. fo: futher analysis. The piece numbered
15 was felt to have broken during panel funnel separation and it was not
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36" Bulb Fracture Analysis

June 26, 1975
Page .4

IV. Analysis & Results (Con't)

felt to be of any investigative value. On April 21, 1975 pieces
numbered 1-7 and 9-13 were received in Corning. The sections numbered
8 and 1h were damaged during removal of the laminate panel and RTV-
funnel. Upon initial examination of these parts Corning's TV Lab
personnel requested that the remaining protions of the bulb be sent
to Corning. On I-ay 13, 1975 the remainder of the 36" faceplate was
received in Corning from Thomas Electronics. Thomas Electronics
advised that no remaining funnel pieces existed.

With all available pieces TV Lab personnel began a study of the flow
of the Wallner lines (break propagation). The purpose of this type
of study is to trace propagation backwards to a flow interface which
has a glass irregularity indicative of the actual origin of the
break. Figure 5 shows a sketch of the location and direction of the
panel and funnel break propagation relative to the seal area. The
following are results of the Wallner line study.

1. All portions of the bulb faceplate were present and no break
source was found.

1. All flow patterns on the ,._ne! sections received are short in
co.-aarison to those shown on the panel pieces. The dotted,
circled area shown in figuie 5, indicates that possibly this
area was damaged in delamination of the funnel, since a seg-
ment is missing at the intersection of sections 10 and 13. In
addition, Wallner lines flow only to the edge of section 13 on
the left and terminate at the cut seal line in section 9. These
are outside flow 'ines indicating damage dring delamination of
the potted funnel. No actual break tiourcf was found on any of
the funnel pieces.

3. The longest continuous flow pattern of Wallner lines originate
somewhere in 'he seal area at the left of section 1, and flow
generally to the left along sections 2, 3, 5 and 6 and ending
at the cut seal to the left of section 6.

V. Conclusions

From an analysis of the 4vailable parts, no conclusive source or
reason for failure can be made. However, the following statements
may be made.

1. Since all faceplate pieces .-e accounted for, and no break

source found, there is no possible source in the faceplate.

2. Although not all funnel pieces were available for Wailner lineI
study, those that were available were positioned in the area
of major breakage. The relatively short Wallner line paths
present in this funnel section tends to remove suspicion from
the funnel as containing the break source.
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36" Bulb Fracture Analysis
June 26, 1975
Page 5

V. Conclusions (r on't)

3. The position of the longest contir ous flow pattern of Wallner
lines described in 3. under results may indicate a possible
source in the area of the frit interface with the panel glass
at section number 1. However, since the actual frit seal and
fillet is missing any speculation as to the source or cause is
purely conjecture.

4. The therial history of the bulb and tube gives confidence in
the tubes structural integrity. Structural defects would tend
to be exposed during the bulb and "ube thermal manufacturing
processes.

TJL/jem
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3. CRT #15 Acceptance Test Report
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4. Final Window Alignment Test Data

Date July 24, 1974
--------~~~- - - - - - - -

FINAL TEST DATA

ASUPT SYSTEM A

Williams Air Force Base, Ariz.

COLLIMATION

Window 5cr. t1o.. -102-- Position No. 3

Location Readin Error

f, ~DivisionsMiue

Center

10 0 Right 3 1/2 L 17.5 +3.5
0

10 Up 3 1/2 L 17.5 +3.5{100 Down 3 1/2 L 17.5 +3.5

10 0 Left 3 1/2 L 17.5 +3.5

1 div. *5 arc minutes

Left -DivergentI Right *Convergent

Correction Factor for CRT face plate
thickness - 2.8 div. - 14 arc minutes
Tolerance + 6 arc minutes

7",,



Da te_-

FINAL TEST DATA

ASUPT SYSTEM A

Williams Air Force Base, Ariz.

COLLIMATION

Window Ser. N'o. 108 Position No. 4

Location Read1n Error

Divisions Minutes

Center
100 Right 3 1/2 L 17.5 +3.5

100 Left 3 1/4 L 16.25 +2.25

100 Up 3 1/2 L 17.5 +3.5

100 Dcwn 3 1/2 L 17.5 +3.5

I div. - 5 arc minut'es

Left - Divergent
Right Convergent

Correction Factor for CRT face plate
thickness 2.8 div. a 14 arc minutes
Tolerance + 6 arc minutes

1O0

- .(t- 
- - - - .



~' July 24, 1974

Date__

FINAL TEsr DATA

ASUPT SYSTEM A

Williams Air Force Base, Ariz.

COLLIMATION

Window Ser. N~o. 104 Position No. 7

Location Readin Error

Divisions Minutes
Center AI15 0 Right 3 1/2 L 17.5 +3.5

150 Up 3 1/2 L 17.5 +3.5

150 Down 3 1/2 L 17.5 +3.5

15 Left 3 1/2 L 17.5 +3.5

1 1 div. *5 arc minutes
Left *Divergent

Right -Convergent
Correction Factor for CRT face ~plate
thickness - 2.8 div, - 14 arc minutes
Tolerance + 6 arc minutes

101
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Date July 24, 1974

FINAL TEST DATA

ASUPT SYSTEM

Williams Air Force Base, Ariz.

~COLLIMATION

Window Ser. No. Position

Location Reading Error

Divisions Minutes

Center 3 L 15 +1.0

100 Right 4 L 20 +6.0

100 Left 4 L "20 +6.0

100 Up 3 1/2 L 17.5 +3.5

10 Down 3 1/2 L 17.5 +3.5

1 div. - 5 arc minutes
Left a Divergent
Right - Convergent

Correction Factor for CRT face platethickness - 2.8 div. - 14 arc minutes
Tolerance + 6 arc minutes
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Da July 18, 1974

FINAL TEST DATA

ASIJPT SYSTEM A

Williams Air Force Base, Ariz.

COLLIMATION

Window Ser. No__j_ Position No. 6

Location Readi nS Error

Divisions Minutes

Center 2.75 L 13.75 -0.25

100 Right 4.0 L 20.0 +6.0

100 UP 3.3 L 19.0 +5.0

10 0Down 3.9 L 19.5 +5.5

1 div. - 5 arc minutes

Left *Divergent
Right -Convergent

Correction Factor for CRT face plate
thickness - 2.8 div. - 14 arc minutes
Toleranca + 6 arc minutes
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Date July 18, 1974

FINAL TEST DATA

ASUPT SYSTEM A

Williams Air Force Base, Ariz.

cOL IMA ILQfl

Window Ser. No. 112 Position No.-

Location Reading_ Error

Divisions Minutes

Center 3L 15 +1.0

50 Right 3 1/2L 17.5 +3.5

50 Up 3 1/2L 17.5 +3.5

50 Down 3 1/2 L 17.5 +3.5

50 Left 3 1/2 L 17.5 +3.5

I div. - 5 arc minutes

Left - Divergent

Right - Convergent

Correction Factor for CRT face plate
thickness - 2.8 div. - 14 arc minutes
Tolerance + 6 arc minutes
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Date July 25, 1974

FIN~AL TrST DATA

ASUPT SYSTEA1 AI Willian Air~ Force Base. Ariz,

COLLIMATION

W~~d Sr.':,.232 
-Pusltir-r' No.

Center .8 .. 14 0
150 Up 4 L 20 +6

150 Right 3 3/4 L 18.75 +4.75
150 Left 4 L 20 +6

150 Down

1 div. -5 crc minutes

Left Divergen,

Ccrivergent
Correction Factn- 7 r CRT face platethickness a 2.8 di~v. a 14 arc minutes.>1 Tolerance + 6 are minutes

1.05



Da te JulY 30, 1974

FINAL TEST DATA

ASUPT SYSTEM B

Williams Air Force Base, Ariz.

COLLIMATION

Window Ser. Io.- 103- - Position No. 6 -

Location Readijj Error

CenterDivisions Minutes
Cetr2 3/4 L -13.75 -0.25

10 0Up 31/2 17. +3.t100 Upw 3 1/2 L 17.5 +3.5

Dow 3 1/2t L 17.5 +4.0

10 0 Left 4 L 20.0 +4.0

1 div. -5 arc minutes

Left n Divergent
Rig.St Convergent

Correction Factor for CRT face plateth'ckness - 2.8 div. a 14 arc minutes
Tolerance + 6 arc minutes

106

y N4



Date JO1Y 9, 1974

FINAL TEST DATA

ASUPT SYSTEM 13 --
Williams Air Force Base, Ariz.

COLL IMATION

Window Ser. ~oj ~Position No. 4

Location ~ Rea ding Error

Divisions Minutes
Center 2 3/4 L 13.75 -0.25

50 Right 3 1/4 L 16.25 +2.25

50 Up 3 L 15 +1.0

50 Left 3 1/4 L. 16.25 +2.25
0

5 Down 3 L 15+1

1 di.- 5 arc minutes

Left Divergent
Right *Convergent

Correction Factor for CRT face plate
thickness - 2.8 div. -14 arc minutes
Tolerance + 6 arc minutes
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De Jul.y 30, 1974

Da 
-e-

FINAL TEST DATA

ASUPT SYSTEM B

Williams Air Force Base. Ariz.

Window Ser. no. 106 Position No.

Location Readij Error

Divisions MinutesICenter 3U 15 +.
10 0 tp3 1/4L 16.25 +2,25t10 0Down 3 'A/2 L 17.5 +3.5
100 Left 3 1/21L 17.5 +3.5

100 Right 3 1/2 L 17.5 +3.5

1 div. *5 arc minutes

Left *Divergent
Right *Convergent

Correction Factor for CRT face plate
thickness a 2.8 div. a 14 arc minutes
Tolerance + 6 arc minutes
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FINAL TEST DATA Dte J y,174 - -

ASUPT SYSTEM B

Williams Air Force Base, Ariz.

COLLIMATION

Window Ser. No. 10l9 Position No. 2

Location je ad ijg Error

Divisions Minutes

Center 3 1/2 L 17.5 +3.5
0
5 Right 3 1/4 L 16.25 +2.25

50 Down 3 L 15 +1.0

50Left 3 1/2 L 17.5 +3.5

5 0 Up 31 15 +1.0

1 div. a5 arc minutes

Left *Divergent
Right *Convergent

Correction Factor for CRT face plate
thickness - 2.8 div. a 14 arc minutes
Tolerance + 6 arc minutes

109



.~-- w .,. - . .- .. .- -- ............. ......

Da te July 30, 1974

FINAL TEST DATA

ASUPT SYSTEM

Williams Air Force Base, Ariz.

COLLIMATION

Window Ser. No. 201 Position No. 5

Location Readij Error

Divisions minutesJCenter 2 3/4 L 13.75 ,0.25

10 0 up 3 1/2 L 17.5 +3.5

100 Down 3 L 1s +1.0
k 0

10 Right 3 1/2 L 17.5 +3.5

100 Left 3 1/2 L 17.5 +3.5

1 div. - 5 arc minutes

Left Divergent
Right *Convergent

Correction Factor for CRT face plate
thickness w 2.8 div. 2 4 *arc minutes
Tolerance + 6 arc minutes
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5. Theory of Operation of Farrand Infinity In-Line Optical System

and Ghost Images.
3

Ry Trace

The system consists of a single image forming element, a spherical

mirror. The observor's viewpoint is at the center of curvature of

this mirror. The object surface is spherical and is concentric

with the spherical mirror and one half this mitror's radius of

curvaLure. This surface is then the focal surface of the spherical

mirror and is projected to infinity. The size of the object surface

determines the field of view the observer will see.

This elementary system is shown in Figure A. This is the theoretical

imaging condition for a spherical mirror, but is impractical with P

large object surface (large field of view) because the object surface

obscures the observer's view so that even moving his 'riewpoint outward

from the center of curvature he cannot see the object surface. It

is necessary to remove the object from the position shown. This

is done with a plane beam splitter in Figure B. Rays from the object

proceed through the spherical mirror which must in this case be semi-

transparent - thus a beamsplitter also - and reflect from the plane

beam splitter. A virtual object surface is thus formed in the

position of the real object surface of part (a) of the figure and

the system functions as it did before, but now the observer can see

the field of view with no obscuration. He can also see some grossly

undesirable things such as the object surfi directly and unwanted

11



images or ghosts arising from multiple reflections between the

plane and spherical beam splitters. The Farrand Infinity In-line

* Optical Display 3ystem uses a unique method of suppressing unwanted

images and the direct view of the object surface. This is done

by the use of plane and rotational polarizing elements so that

ideally only the wanted infinity image emerges from the display

and is seen by the observer.

Practically, this is not a completely achievable condition

and dome light from the ghost images and the direct view of the

object surface emerge as well. This will be quantitively discussed

later. The operation of the system will be explained with the aid

of Figure C.

Four polarizing elements are added to the basic geometrical

optical system of Figure B. These are two plane polarizers and

two quarter wave plates, and these elements function in the

following manner to transmit the infinity image and suppress

unwanted images. A ray from a point, 01, on the object surface

enters the ;y., system passing through the entrance plane

polarizer, P1. The ray now polarized is incident on the spherical

mirror beam splitter. Part of the ray is reflected back toward the

object surface and part is transmitted through the spherical beam

splitter. We are concerned principally ..Ith the part that is

transmitted through the spherical beam splitter. The part that is

reflected by this element returns to the object surface, and since
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Spherical
Beam Splitter

Plane Beam Splitter

i~ B.

Surface

P,, P2 Plane Polariziers

Qt, Q2_ Quarter Wave Plates

Schematic II ,ustration of Farrand Infinity

In-Line Optical Display

Figure C.
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I '
it returns to a different point than 01, it causes a contrast

reduction. In general, the spherically convex surface of the

beam splitter diverges this reflected light so the contrast

reduction is greatest at the center of the object surface. This,

as will later be shown, is a contributing cause of reduced

modulation transfer function at the center of the display.

The light transmitted through the spherical beam splitter

proceeds through the quarter wave plate and emerges circularly

polarized. It is both reflected and transmitted by the plane

beam splitter at A, and we are concerned principally with the

reflected ray. The transmitted ray proceeds through the second

quarter wave plate, Q2, emerges plane polarized 90 degrees to

its former plane of polarization, and is absorbed in the second

plane pol :rizer which is aligned parallel to PV. This absorption

is incomplete causing tJ observer to see-the object surface directly.

This artifact of the optical system is called the Ro ghost. The

ray reflected from PB at A first passes through Q1 a second time

and is then reflected from the spherical beam splitter, SB. It is

now plane polarized 90 degrees to its former direction having

passed through Q, twice. After reflection from SB, it again

passes through Q1 and is circularly polarized in the opposite

direction. It proceeds thence to plane beam splitter PB, and part

is reflected and part transmitted at B. We are concerned principally
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with the transmitted part and will return to trace the reflected ray

i subsequently. The transmitted ray goes through quarter wave plate,

Q2, and emerges plane polarized parallel to its original plane of

polarization. It is therefore transmitted by P2 which is aligned

with PI. This ray is one of the rays forming an infinite image of

object point 01. It has, in addition to being focused by the

spherical mirror folded optical system, been plane polarized,

then returned a full wave length by passing four times through

quarter wave plates, and finally transmitted by a plane polarizer aligned

with the plane polarizer that initially polarized it. It is the

only ray that can traverse the system without suffering extinction

by the polarizing elements or severe attenuation by multiple

reflection. Of course there are many such rays from each object

point, but all must travel through an equivalent combination of

reflecting and polarizing optics to contribute to the infinity

image. All other possible paths of rays rejlected by the beam

splitters are extinguished )y the exit polarizer or severely attenuated

by multiple reflections.

We return to the component of the ray reflected from PB at B.

It passes through Q, to become plane polarized parallel to its

initial direction. It is both transmitted and reflected by SB, the

transmitted part passing through P1 to illuminate the object surface,

although it is so attenuated by multiple reflections that its
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reduction of contrast is minimal. The part reflected by SB is passed

through Q a fifth time and strikes PB at C. The portion transmitted

goes through Q2. This ray has now made six passes through quarter

-I wave plates so it is polarized 90 degrees from its initial direction.

It is extinguished by P The extinction is not complete so some

light emerges to form ghost image, R2. Since this light has

reflected twice from the spherical mirror, it is being focused by an

optical system having approximately twice the power of that focusing

the wanted image, and consequently the ghost image, R2 , is formed

half the distance between the spherical mirror and the observer.

The ray reflected from PB at C is again reflected by SB to

intersect PB at D. It is transmitted through Q2 and having passed

eight times through quartet- wave plates is aligned with P2 and is

transmitted. It has been severely attenuated by multiple reflections from

the beam splitters but nonetheless forms ghost image, R3, which is

approximately equal to R2 in brightness. Each of the In-line Infinity

Optical Display Systems is compactly folded on its own optical axis.

pThis compactness, as compared to other reflective optical displays,

has earned them the name of "Pancake Window" since they are

comparatively flat, and the observer looks through them at the simu-

lated world as he would look through a window at the real world. In

the ASUPT displays, the In-line Infinity Optical Systems are indeed

assembled as windows having contiguous fields of view.
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These windows are assembled as facets of a dodecahedron which

enclose an observer located at the intersection of treir optical axes.

The dodecahedron array is inscribed in a 48-inch radius sphere. This

sphere is the spherical mirror (beam splitter) of the Farrand In-line

Infinity Image Display. Each of these displays is a facet of the

dodecahedron, and each has its own segment of the spherical mirror.

When the facets are aligned with respect to each other, they have a

common center point and the individual spherical mirror segments

are parts of the same spherical surface.

Ghost Images

The three ghost images whose origin was explained previously are

superimposed on the wanted infinity image and reduce its contrast.

These ghosts are all closer to the observer than the infinity image
fI

r and are not perceived as having structure when the eye is accommodated

to the infinity image. They appear as a haze or veiling glare

superimposed on the wanted infinity image and reduce its contrast.

Only when an image point is on axis are ghosts of that point super-

imposed on it. When the image point moves from the display axis

toward the edge of its field, the ghost images all move at different

rates and separate from the wanted image point. The R2 and R3 ghosts

of the image point move at higher angular rates than the wanted image so

they leave the field of view before it reaches the edge of the field.

The R0 ghost moves at a slower angular rate than the wanted image so

it always remains in the field. Thus in the usu.1 viewin- situation
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when the image pcoint is other than on the display axis, it is

surrounded by a combination of ghosts from other image points

rather than its own ghosts.

*U OENETPITN OFC:17-616 1


